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ABSTRACT 
Fusarium virguliforme Aoki, O’Donnell, Homma and Lattanzi (FV), a causal 
organism of sudden death syndrome (SDS), and Heterodera glycines Ichinohe, the 
soybean cyst nematode (SCN), are two of the most important soil-borne pathogens 
affecting soybean production in the USA. These pathogens often occur together in 
production fields and interact, which results in significant yield losses. In co-infected 
plants, SDS symptoms appear earlier and are more severe than in plants infected by FV 
alone. However, the mechanism of the SCN-FV interaction remains unclear. Fusarium 
virguliforme is able to infect soybean plants of different growth stages, but plants infected 
at younger stages develop more severe foliar SDS symptoms than plants infected later. 
The effect of SCN infection on age-related resistance to SDS is unknown.  
A set of greenhouse experiments were conducted to investigate: 1) how the 
presence of SCN in soybean roots affects the FV infection process and SDS severity, and 
characterize the effect of water availability on the SCN-FV interaction in soybean roots, 
and 2) investigate if age-related resistance of older soybean plants to SDS is affected by 
SCN infection. 
Foliar SDS severity was always greater in co-infected plants than in plants 
infected by FV alone in all experiments. The amount of available soil water affected 
foliar SDS severity. Plants grown under normal watering showed more foliar SDS than 
plants in reduced watering treatments. Foliar severity, expressed as the area under the 
disease progress curve (AUDPC), was greater in the SCN-susceptible cultivar (AG2403) 
than in the SCN-resistant cultivar (MACO24757).  
 vii
No evidence was found that root rot severity was consistently affected by the 
SCN-FV interaction, but root rot decreased as the plant age at inoculation with FV 
increased. Root weight was reduced by infection with FV, but was not significantly 
affected by SCN or watering regimes. Root weight increased as the plant age at infection 
with FV increased. Cultivar AG2403 had greater root weight than cultivar MACO24757. 
The number of SCN females was greater under reduced watering regime. SCN 
syncytia were found predominantly in the stele in the absence of FV, and in the cortex in 
the presence of FV. Mycelia of FV were found more frequently in the cortex when SCN 
was present, and more frequently in the stele under reduced watering. 
Microscopic observations showed the majority of root tips were colonized by FV. 
These findings suggest the importance of lateral roots for FV colonization of soybean 
roots.  
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CHAPTER 1 
GENERAL INTRODUCTION AND LITERATURE REVIEW 
Dissertation Organization 
The dissertation is organized into an abstract and four chapters. The first chapter explains 
the rationale and objectives for this research. Chapter 1 provides background information 
on two important soybean pathogens, the soybean cyst nematode (SCN), Heterodera 
glycines Ichinohe, and Fusarium virguliforme Aoki, O’Donnell, Homma and Lattanzi 
(FV), as well as their interaction. In Chapter 2, the effects of water availability and co-
inoculation with both pathogens on the SCN-FV interaction in soybean roots are 
examined using light microscopy. Chapter 3 explores how infection by SCN affects the 
reported resistance of older soybean plants to FV infection and SDS development. 
Chapters 2 and 3 are written in the format of scientific journal articles, with an abstract, 
introduction, materials and methods, results, and discussion, to be submitted to peer-
reviewed scientific journals. Chapter 4, the final chapter, summarizes the research on the 
mechanisms of the SCN-FV interaction, provides comprehensive conclusions drawn from 
the entire study and discusses possible future research. 
Literature Review 
Soybean and Pathogens Affecting its Production 
Soybean (Glycine max (L.) Merr.) is a leguminous plant that originated in China 
and has been in cultivation since 1,000 BC (Schmitt et al., 2004). Soybeans first arrived 
in the USA in 1765, and soon after spread rapidly across the country (Schmitt et al., 
2004). According to the online resource soystats.com (httm://www.soystats.com, 
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accessed on July, 20th, 2013), soybean production currently brings a significant financial 
gain to the USA. In 2013, for example, the total area planted to soybean in the USA was 
76.5 million acres, with 9.3 million acres in Iowa alone. The same year, the USA 
exported 1,580 million bushels of soybean, with the export consisting of 80% whole 
soybeans, 16% soybean meal and 4% soybean oil.  
Soil-borne plant pathogens are a constant threat to crops and can be a major yield-
limiting factor in many agricultural systems (Raaijmakers et al, 2009). Out of the four 
main groups of plant pathogens (viruses, bacteria, fungi and nematodes), only fungi and 
nematodes are commonly soil-borne (Raaijmakers et al., 2009). One of the difficulties for 
managing soil-borne pathogens is the complexity of their ecosystem (Campbell and 
Neher, 1996). Furthermore, symptoms of soil-borne pathogen infection may remain 
obscure and difficult to diagnose (Raaijmakers et al., 2009), making disease management 
challenging since growers may be unaware of the infestation problems. Two major 
pathogens of soybeans in terms of economic loss are both soil-borne: SCN, a microscopic 
roundworm, and FV, a fungus and the causal organism of sudden death syndrome (SDS).  
Sudden Death Syndrome 
Causal Agents of SDS 
Fusarium virguliforme Aoki, O’Donnell, Homma and Lattanzi (FV), previously known 
as Fusarium solani f. sp. glycines, is the causal organism of SDS in North America (Roy 
et al., 1989; Li et al., 2009). In 2003, Aoki et al. (2003) suggested that two distinct 
species are responsible for SDS in soybeans: Fusarium virguliforme O’Donnell and Aoki, 
for the pathogen causing SDS in North America, and F. tucummaniae for the pathogen 
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causing SDS in South America (Aoki et al, 2003). The taxonomy was revised in 2005, 
when two additional species were added to the SDS-causing clade 2 of F. solani species 
(Aoki et al., 2005). As a result, four species were recognized to cause SDS in the 
Americas: F. brasiliense, F. cuneirostrum, and F. tucumaniae, found only in South 
America, and F. virguliforme, found in North and South America (Aoki et al., 2005). 
However, the isolates of F. cuneirostrum that caused SDS have now been shown to 
belong to a closely related species F. crassistipitatum (Aoki et al., 2012) and are no 
longer included as an SDS-causing species. The research presented in this dissertation 
will focus on FV, as this is the causal agent of SDS in the USA. 
History and Distribution of SDS in North America 
Sudden death syndrome is a mid- to late-season disease of soybeans that occurs 
repeatedly in soybean-producing areas in North America (Hirrel, 1983), where it is one of 
the most economically damaging diseases of soybeans (Wrather et al., 2003). 
Foliar symptoms of SDS were first reported by H. J. Walters in Arkansas, in 1971. 
However, at that time, the disease was neither named nor described in the literature. In 
1983, Hirrel described the devastating potential of this disease and named it sudden death 
syndrome of soybeans due to a rapid disease progression under favorable conditions (Roy 
et al., 1997). Then, in 1984 and 1986 it was found in Indiana and Illinois, respectively 
(Rupe et al., 1989). Sudden death syndrome was first reported in Iowa in 1993 (Yang and 
Rizvi, 1994), and since then, there have been multiple, severe outbreaks of the disease in 
the state (Navi and Yang, 2008). Sudden death syndrome was also reported in the 
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northern Midwest states of Minnesota (Kurle et al., 2003), Wisconsin (Bernstein et al., 
2007) and Michigan (Chilvers and Brown-Rytlewski, 2010) between 2002 and 2010.  
Life Cycle of FV and Yield Loss to SDS 
The life cycle of FV starts with the infection of soybean roots by the fungus early 
in the season. There have been reports that FV can infect roots within the first two weeks 
after planting (Roy et al., 1989; Rupe and Gbur Jr., 1995). Also, root infections are 
possible at later growth stages too, as reported in studies involving artificial inoculations 
(Leandro and Gongora-Canul, 2011a). 
According to a study by Rupe et al. (1999), FV is most abundant in the top 15 cm 
of the soil throughout the growing season, and it survives the winter in the form of 
chlamydospores, or as mycelia in plant debris in the field. As soil temperature increases, 
chlamydospores germinate and mycelia infect soybean roots (Xing and Westphal, 2006), 
causing root rot. Toxins produced by the fungus in the roots (Rupe, 1989; Jin et al., 1996; 
Brar et al., 2011) move upwards via transpiration and cause the typical foliar symptoms 
of the disease. Root rot and poor root growth are typical root symptoms; while leaf 
mottling, chlorosis and necrosis between leaf veins with occasional leaf edge cupping are 
typical leaf symptoms (Roy et al., 1989; Navi and Yang 2008; Li et al., 2009). Most root 
infections take place during vegetative growth stages (V) of the plant, but it is not until 
later in the season that foliar SDS symptoms occur (Roy, 1997). By that time, soybean 
plants are usually at reproductive growth stages (R) (Roy, 1997).  
Sudden death syndrome is able to severely decrease yield (Rupe, 1989). Hartman 
et al. (1995) reported yield reductions of 46% in the east-central region of Illinois, and 
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yield suppression of $154.7 million from SDS was recorded in the USA in 2002 (Wrather 
et al., 2003). The most severe disease was observed in fields that had heavy SCN 
infestations (Hershman et al., 1990; Mclean and Lawrence, 1993; Melgar et al., 1994; 
Scherm et al., 1998; Xing and Westphal, 2006). 
SDS Management 
The management of SDS is very challenging. The disease has been known for 
over 40 years, but severe disease outbreaks are still common (Navi and Yang, 2008). The 
level of resistance in soybean cultivars has improved over the years due to extensive 
breeding efforts, but complete resistance is still lacking (Roy et al., 1997). The challenge 
with developing highly resistant cultivars is that SDS resistance is a quantitatively 
inherited trait (Hnetkovsky et al., 1996). This, in turn, may benefit the breeding program 
as it has been shown that the accumulation of resistance genes could lead to overall 
increased resistance to SDS (Njiti et al., 2002; Luckew et al., 2012). Foliar fungicides are 
not effective against SDS since fungicides often do not move systemically throughout the 
plant, therefore do not reach the roots where the infection by FV takes place 
(https://www.extension.purdue.edu/extmedia/bp/bp-58-w.pdf, accessed on July, 20th, 
2014).  
The knowledge about the environmental conditions that favor disease 
development may help to manage SDS. For example, Scherm and Yang (1996), as well 
as Gongora-Canul and Leandro (2011b) showed that FV infection is greatly impacted by 
lower soil temperature and available soil moisture in controlled environments. Field 
studies by Roy et al. (1989) reported more severe SDS when plants were irrigated at 
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earlier growth stages (V3) than when soybean plants were irrigated beginning at a later 
growth stages (V8). The reasons for these observations are not clear, but increased soil 
moisture may be associated with the higher transpiration rates that carry FV toxins into 
the leaves. 
Studies on delayed planting date from late May to early or late June show that 
later planting may reduce the SDS severity (Hershman et al., 1990; Rupe and Gbur Jr., 
1995). However, more recent research suggests that delaying planting could result in 
greater yield loss (De Bruin and Pedersen, 2008b) than the yield loss caused by FV 
infection. For this reason, delayed planting is not recommended as a management tool; 
instead growers should plant fields with a history of SDS last (De Bruin and Pedersen, 
2008b; Leandro et al., 2013). 
Published information on the influence of crop rotation on the management and 
subsequent SDS severity has been inconsistent. It was reported that FV densities in soil 
decreased in fields under rotation with sorghum and wheat more than in a rotation with 
fescue or soybeans (Rupe et al., 1997). However, even in rotation with sorghum, corn, 
fescue, wheat, rice and cotton, SDS disease outbreaks have occurred (von Qualen et al., 
1989). Most importantly, the crop rotation with corn, a very standard practice in the 
Midwest, has not suppressed SDS (Xing and Westphal, 2009). The reasons why crop 
rotation may reduce the SDS outbreaks are not known, but may involve the reduction of 
FV inoculum in soil or diversification of rhizosphere microbiome (Rupe et al., 1997). An 
ongoing study on the characterization of the rhizosphere in fields under different crop 
rotations is being conducted at Iowa State University. Preliminary results show reduction 
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in SDS disease severity in three- and four-year rotations with clover, oats and alfalfa 
compared to a two-year rotation with corn. (Leandro, unpublished). 
Since SDS foliar symptoms are enhanced and appear earlier in the season when 
plants are co-infected with SCN (Roy et al., 1989; Mclean and Lawrence, 1993; Xing and 
Westphal, 2006), practices that reduce SCN population densities in soil are potentially 
helpful as SDS management practices. Some soybean cultivars with resistance to SCN 
have been shown to be less susceptible to SDS (Hershman et al., 1990; Roy et al., 1997). 
However, soybean growers cannot exclusively rely on SCN resistance to manage SDS in 
soybean production fields.  
Tillage is another cultural practice that may help manage SDS. Disc tillage and 
ridge tillage, as well as subsoil tillage (Vick et al., 2003), have shown some potential in 
reducing the incidence of SDS in soybean fields (Wrather et al., 1995). These practices 
could possibly be reducing available soil moisture, aerating the soil, and enabling plants 
to grow faster than in no-till soil that is compacted and retains high levels of soil 
moisture.  
Seed treatments are a new and emerging strategy in controlling SDS. Most of 
these products are still in experimental stages, and some preliminary work has shown 
limited result (Weems et al., 2010). However, chemical companies are conducting 
research and reporting promising formulas that could suppress SDS in field conditions. 
For example, Bayer CropScience has recently announced an application to U.S. 
Environmental Protection Agency (EPA) for a product named ILeVO. The active 
ingredient in ILeVO is a systemic compound that moves to cotyledons and roots and 
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protects the seedlings from infections early in the growing season. The product is 
expected to be available for the 2015 growing season 
(http://www.bayercropscience.us/news/press-releases/2014/02252014-0046-bcs-
announces-epa-registration-ilevo, accessed on 4-11-14). 
Soybean Cyst Nematode 
Causal Agent, History and Distribution of SCN in the USA 
Nematodes belong to a large and diverse group of invertebrate animals. They may 
be referred to as roundworms, eelworms or threadworms (Riggs and Wrather, 1992). The 
majority of nematodes are not plant pathogens; however, nematodes include some of the 
major pathogens of important crops such as tobacco, cereals, sugar beets, potato, rice, 
corn and soybeans (Riggs and Wrather, 1992). 
Two major genera of pathogenic nematodes are Heterodera and Globodera (Ithal 
et al., 2007). Heterodera glycines Ichinohe, the soybean cyst nematode (SCN), is a 
species that infects soybean roots, causing significant damage to the plant as well as yield 
loss. The origin of the pathogen remains obscure, but indications suggest it originated in 
China alongside its soybean host (Schmitt et al., 2004). After being discovered in China, 
SCN was soon afterwards reported in neighboring Japan, probably as soon as 300 AD 
(Schmitt et al., 2004). The initial source of SCN infestations in the USA is unknown. It is 
speculated that SCN had arrived to the USA in soil that was adhering to seed material 
imported from oversees, or in soil shipped from Asia, to infest USA fields with 
Bradyrhizobium japonicum (Schmitt et al., 2004).  
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The symptoms of SCN in the USA were first described in North Carolina in the 
late 1930s and early 1940s, and SCN was first identified as a pathogen in 1954 (Winstead 
et al., 1955). Often there are no typical above-ground symptoms that indicate an SCN 
infestation, so significant yield losses can occur even without visible changes in plant 
growth (Wang et al., 2000), such as stunting (Young, 1996). Young (1996) reported a 16-
32% yield reduction in a susceptible cultivar compared to a resistant cultivar without 
visible changes in soybean growth pattern or typical chlorosis or stunting symptoms on 
the susceptible cultivar.  
The Life Cycle of SCN and Yield Loss 
The soybean cyst nematode is a sedentary plant-parasitic nematode and an 
obligate parasite. The life cycle takes up to several weeks to complete and is highly 
dependent on soil temperatures, pH and soil moisture (Tefft et al., 1982; Alston and 
Schmitt, 1988; Johnson et al.,1993; Anand et al., 1995; Duan et al., 2009; Pederson et al., 
2010; Tylka, personal communication).  
According to several authors (Tefft and Bone, 1985; Sikora and Noel, 1996; Rigs 
et al., 2001, Charlson and Tylka, 2003), an average SCN female can produce from 50 to a 
few hundreds eggs that are either laid in the soil or retained in the female’s body (cyst). 
The ways the eggs hatch provides an evolutionary advantage (Davis and Tylka, 2000). 
The first eggs to hatch are the eggs located in a gelatinous matrix, outside of the female 
body (Niblack et al., 2006). The hatching of these eggs does not seem to be directly 
related to either root exudates or temperature. The eggs that are located inside of a cyst do 
not hatch until there is a stimulus from growing soybean roots (usually the next growing 
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season). A proportion of eggs inside of a cyst do not hatch even in presence of the 
stimuli. These eggs are in a diapause state. The process and mechanism of diapause are 
still not fully understood (Niblack et al., 2006), but it is thought that hatching of eggs in 
diapause is mediated by time (Davis and Tylka, 2000). 
The soybean cyst nematode goes through six life stages (an egg, four juvenile 
stages and an adult). The first molt occurs inside the egg. Young nematodes, second-stage 
juveniles (J2), hatch from an egg and are the infectious stage of SCN. After hatching, J2 
juveniles seek roots by migration through soil and penetrate roots, usually behind the root 
tip (Davis and Tylka, 2000). Juveniles migrate through plant cells while searching for a 
suitable location to establish a feeding site (Hermsmeier et al., 1998, Ithal et al., 2007). 
Juveniles create wounds and leave a trail of damaged cells in their path. Established 
juveniles modify plant cells by cell wall lysis and cellular hypertrophy (Gipson et al., 
1971; Endo, 1975). As cell walls degrade, the cytoplasm merges resulting in a large 
multinuclear cell, i.e. the feeding site (Gipson et al., 1971). This large multinuclear cell is 
called a syncytium (plural: syncytia) and is essential for development of the SCN (Ithal et 
al., 2007). The conversion of plant cells into syncytia is a crucial part of the SCN - plant 
host relationship. There are suggestions that syncytial tissue is richer in nutrients, such as 
proteins and amino acids, by two to four fold, in comparison to a healthy root tissue 
(McLean and Lawrence, 1995).  
During the J2 and third juvenile stages (J3), both sexes actively feed on soybean 
roots. However, after the J3 stage, only females continue to feed, while males regain their 
vermiform shape and mobility (Davis and Tylka, 2000). Males then search for females 
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that have grown large and are exposed on the root surface to mate. After mating, 
fertilized sedentary females further increase in size and reach the fourth juvenile stage 
(J4) (Davis and Tylka, 2000). Most of the eggs produced by the female remain in her 
body with only a smaller portion of eggs being laid in a gelatinous matrix on the outside 
of her body. As the female ages, the cuticle turns brown and hardens giving rise to what 
is called a cyst (Davis and Tylka, 2000). Cysts often dislodge from roots and remain free 
in soil (Davis and Tylka, 2000). A mature SCN female is the most detrimental stage in 
relation to soybean yield (Davis and Tylka, 2000; Urwin, 2002). During an average 
growing season, there may be several generations of SCN in the field (Davis and Tylka, 
2000).  
The primary host for SCN is soybean, but other legume species such as green peas 
(Pisum sativum), mungbean (Vigna radiata) and common lespedeza (Lespedeza striata) 
are also considered hosts. Non-legume species vary in their ability to act as hosts (Riggs 
and Wrather, 1992). There are even indications that different SCN populations vary in 
their ability to reproduce on different plant species (Riggs and Wrather, 1992).  
Before the World War II, the USA was importing most of its oils and fats. As the 
WWII disrupted trading routes, a shortage of oils and fats occurred in the USA (Schmitt 
et al., 2004). An alternative to imports was found in using soybeans to produce oils and 
fats needed and, as a direct result, the soybean acreage increased in the USA (Schmitt et 
al., 2004). Soybean production was successful due to ease of growing, the culture was 
similar to corn, and soybeans, as a legume, were able to enrich the soil by converting 
atmospheric nitrogen (N2) to ammonium (NH4+) (Schmitt et al., 2004). Unfortunately, as 
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the acreage under soybeans spread, so did the SCN, and the pathogen spread throughout 
the USA (Schmitt et al., 2004, Tylka and Marett, 2014). Currently, there is almost no 
soybean producing area in the USA that is free of SCN infestation (Tylka and Marett, 
2014). 
The soybean cyst nematode is currently the most important pathogen of soybeans 
in the USA, with the potential to severely decrease soybean yield (Young, 1996; Wang et 
al., 2003; Wrather et al., 2003; Wrather and Koenning, 2009). This high yield loss is 
driven by two major factors: the genetic base of SCN resistance in soybean is quite 
narrow, with only a few sources of resistance being used in breeding programs (Schmitt 
et al., 2004), and the economic constraints imposed to farmers to reduce the number of 
crops in rotation. There are resistant cultivars available that can be successful in reducing 
SCN populations in fields 
(http://www.plantpath.iastate.edu/tylkalab/files/2013%20ISU%20SCN%20Variety%20Tr
ial%20Report.pdf, accessed on 9/26/14). 
SCN Management 
In a similar way to SDS, management of SCN is challenging. Chemical control in 
the form of soil fumigants was used more extensively in the past with mixed results (De 
Bruin and Pedersen, 2008a), but recent trends show an interest in seed treatments as an 
SCN control measure. Currently, some of the seed treatments available include:  
1. Avicta Complete Beans from Syngenta 
(http://www.syngentacropprotection.com/news_releases/news.aspx?id=136815 
- accessed on July, 22nd, 2014);  
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2. VOTiVO from Bayer (http://www.bayercropscience.us/products/seed-
treatments/poncho-votivo/the-votivo-solution - accessed on July 22nd, 2014);  
3. N-Hibit seed treatment from Plant Health Care 
(http://www.extension.iastate.edu/CropNews/2008/1208tylka.htm, 
http://soygrowers.com/asa-and-phc-announce-results-of-n-hibit-seed-
treatment-satisfaction-guarantee-program/ - accessed on July 22nd, 2014).  
While N-Hibit and Avicta are chemical agents, VOTiVO is a biological agent 
containing Bacillus firmus 
(http://www.ent.msu.edu/uploads/files/George_Bird_bio_PDFs/soybean_seed_treatments
.pdf - accessed on July 22nd, 2014).  
Crop rotation is an effective control measure for controlling SCN (Rupe et al., 
1997). A model crop rotation would involve a combination of non-host plants on years 2, 
4 and 6, and an SCN-resistant soybean cultivar in years 1, 3 and 5. It is important to note 
that SCN-resistant cultivars need to have different sources of resistance to SCN in order 
for this rotation to be successful (Tylka, personal communication, 
http://www.plantpath.iastate.edu/tylkalab/node/88 accessed on 01/07/14).  
Relationship Between SDS and SCN 
The richness of organisms in the soil leads to numerous and sometimes very 
diverse interactions (Mai and Abawi, 1987). Atkinson (1892) recorded the first 
interaction between nematodes and fungi in 1892, and found that Fusarium wilt of cotton 
was always more severe in the presence of the Meloidogyne (root-knot) nematodes. 
Powell and Nusbaum (1960) observed that the black shank fungus, Phytophthora 
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parasitica var. nicotianae, was found more often in hypertrophied and hyperplasic tissue 
of tobacco roots infected with Meloidogyne incognita and M. incognita acrita than non-
infected roots. These authors also report that P. parasitica var. nicotianae penetrated 
deeper in the cortical tissue in cases when nematodes were present, but found no evidence 
that the fungus followed the penetration path of a nematode directly. In addition, in a 
study by Tabor et al. (2003), SCN susceptible cultivars showed more severe brown stem 
rot symptoms than SCN resistant cultivars. A later study by Tabor et al. (2006) on the 
interaction between Cadophora gregata (Phialophora gregata) and SCN also showed 
that incidence of soybean root colonization by C. gregata increased with the increase of 
SCN population densities in soil. 
The interaction between SCN and FV has been reported for about three decades 
Mclean and Lawrence 1993; McLean and Lawrence 1995; Gao et al. 2006, , Xing and 
Westphal 2006, Xing and Westphal 2009). Hirrel (1983) found that around 80% of plants 
experiencing SDS foliar symptoms were also infected with SCN. Since then, there have 
been several reports that the SCN-FV interaction increases severity and causes an earlier 
onset of SDS foliar symptoms Hartman et al., 1995; Gao et al., 2006; Leandro et. al., 
2012). However, demonstrating a mechanism behind this interaction has been 
challenging (Roy et al. 1997; Scherm et al., 1998; Brzostowski 2007), and there are 
aspects of this interaction that seem contradictory.  
Although SDS is typically enhanced by simultaneous infection by SCN and FV, 
the SCN population densities in roots decrease in the presence of FV (Gao et al., 2006), 
and SCN cysts show morphological changes compared to cysts formed in the absence of 
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FV (Mclean and Lawrence, 1993). Cysts that developed in the absence of FV were 
lemon-shaped and yellow, while SCN females that developed in the plants co-infected by 
FV and SCN were flattened (Mclean and Lawrence, 1993). Gao et al. (2006) reported that 
root dry weight of plants infected by SCN and FV was reduced in comparison to plants 
infected with either of the pathogens alone. However, other related variables (root 
necrosis, shoot dry weight, shoot height, whole plant dry weight) were not affected by the 
SCN-FV interaction in their experiments. Further research is necessary to investigate how 
other variables, such as root diameter, root weight, root length and volume, and/or 
production of lateral roots responds to co-infection by both pathogens.  
Possible Mechanisms of the SCN-FV Interaction 
Research on the simultaneous infection process of soybean roots by SCN and FV 
and how that relates to the mechanisms of the SCN-FV interaction is limited. Some 
authors have hypothesized that SCN creates wounds in the plant root system that allow 
soil fungi to penetrate (Tabor et al., 2003; Tabor et al., 2006). However, FV infects tap 
and lateral roots equally well, even without the presence of SCN and its associated 
wounds, suggesting that wounds may not be a primary route for infection. McLean and 
Lawrence (1995) reported that SCN juveniles did not express a particular pattern of root 
colonization when FV was present, but they observed that FV mycelia colonized cortical 
cells and cells adjacent to developing SCN and also colonized SCN juveniles. 
Considering that FV infection is detrimental to SCN development, it is important to 
examine the effect of SCN on the FV infection process. To our knowledge, no other 
studies have quantified the effect of one pathogen on the other in the SCN-FV interaction. 
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There is evidence that FV infects close to developing SCN (McLean and Lawrence, 
1995), but characterization of the exact location of FV mycelia has not been reported. 
Research into this topic is important for understanding the SCN-FV interaction, as well as 
for developing management strategies for the two pathogens. 
The Effect of Water Availability on SCN-FV Interaction 
Infection of soybean roots by FV is usually fast and dependent on both available 
soil water and soil temperature (Roy et al., 1989; Melgar et al., 1994; Scherm and Yang, 
1996; Mueller et al., 2011; Gongora-Canul and Leandro, 2011b). There are reports that 
correlate the severity of foliar symptoms and water availability in both field and 
greenhouse conditions (Scherm and Yang, 1996; Neto et al., 2006). Some authors (Roy et 
al., 1989; Neto et al., 2006) also report that areas of soybean fields with most severe SDS 
symptoms corresponded to areas near ditches. In agreement with these observations, it 
has been reported that irrigated fields had significantly higher foliar SDS symptoms than 
non-irrigated fields. The reasons for the occurrence are not completely understood. A 
possible explanation is that soil water, especially in excess, may interfere with normal 
functions of plant roots and inhibit defense mechanisms, thus creating favorable 
conditions for SDS to develop (Melgar et al., 1994). Research on the effect of water 
avaialbility on location and disctribution of FV mycelia in roots is lacking.  
Available water in soil also plays an important role for SCN development 
(Johnson et al., 1993). Johnson et al. (1993) experimented with three watering regimes 
and found significant differences in syncytia location within the roots depending on water 
availability. Under reduced watering, the majority of syncytia were found in the vascular 
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root tissue, while SCN syncytia formed in the cortex when water was more readily 
available (Johnson et al., 1993). The location of SCN syncytia in response to the biotic 
influence of FV has not been investigated. Because FV often co-infects soybeans with 
SCN, it is important to conduct research to examine how soil water availability affects the 
SCN-FV interaction in soybean roots and to examine the effect that FV has on SCN 
syncytial location under different water availability conditions.  
Effect of Plant Age on SCN-FV Interaction 
Plant age at the time of infection by fungi is important for the development of 
some diseases. Younger plants are usually more susceptible to infections than older plants 
(Sennoi et al., 2013). For example, Hart and Endo (1981) showed that infection of 
younger celery plants resulted in premature death from infection by F. oxysporum f. sp. 
apii, while older plants survived even though they were infected and damaged. Similarly, 
Gongora-Canul and Leandro (Gongora-Canul and Leandro, 2011a; 2011b) reported that 
FV is able to infect soybeans of different ages, but that infection of younger plants 
resulted in more severe foliar symptoms than infection of older plants. Also, the 
expression of foliar symptoms on the older plants was highly dependent on temperature 
and the ability of the fungus to colonize the vascular tissue (Navi and Yang, 2008; 
Gongora-Canul and Leandro, 2011a; 2011b).  
The mechanism that regulates greater resistance of older soybean plants to fungal 
infection, however, remains unknown. Suberin is a hydrophobic biopolymer found in 
roots of higher plants and suberized plant cells and plays a significant role as a barrier 
between the plant and its environment, predominantly as a physical barrier for pathogens 
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to enter plant roots (Graça and Santos, 2007). The reduced colonization of the root 
vascular tissue in older soybean plants may be associated with greater suberin and/or 
lignin deposition in these older tissues (Lozovaya et al., 2004; Gongora-Canul and 
Leandro, 2011a; Leandro, unpublished). Research is needed to determine if SCN affects 
the age-related resistance of soybeans to SDS.  
The Importance of Lateral Roots to SCN-FV Interaction 
Production of lateral roots is a biological process during which roots develop side 
branches and these lateral roots are utilized to expand the surface area of the root as well 
as to anchor plants to their substrate (Bellini et al., 2014). However, growth of lateral 
roots is associated with root tissue breakage, and hence wounding, in places where the 
lateral roots emerge from the main root (Bellini et al., 2014). Fusarium verticillioides has 
been shown to attach to lateral roots soon after coming into contact with the plant (Oren 
et al., 2003).  
There have been some reports of the role of lateral roots on infection by FV. In a 
study by Rupe (1989), the frequency of isolation of FV from lateral roots was 19% and 
was only slightly lower than frequency of isolation from the tap roots, which was 23%. It 
was also shown (Ortiz-Ribbing and Eastburn 2004) that infection via lateral roots 
presents an important mechanism for fungal penetration into the taproot. Studies by the 
same authors showed that when lateral roots were inoculated by FV, 91.8% of lateral and 
82.3% of taproots were infected. In contrast, when authors inoculated the taproot with 
FV, 84.4% of taproot was infected, but only 6.7% of lateral roots were infected. These 
results suggest that fungal movement from lateral roots to tap root is possible and 
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successful, while the movement in the opposite direction, from tap root to lateral roots, is 
somewhat limited. Studies by Navi and Yang (2008) showed that 30% of FV spores 
germinated at, or close to, root tips when plants were inoculated with FV. Interestingly, 
Ortiz-Ribbing and Eastburn (2004) also found that lateral root penetration by FV resulted 
in a better correlation between foliar and root SDS symptoms. These results suggest that 
infection of lateral roots is more important in SDS development than previously thought.  
Research Objectives 
Based on the knowledge base and the research needs stated previously, two objectives 
will be addressed in the research presented in this dissertation.  
Objective 1: 
To determine how the presence of SCN in soybean roots affects the FV infection 
process and SDS severity and characterize the effect of water availability on the SCN and 
FV interaction in soybean roots. This objective is accomplished by four sub-objectives: 
a) Investigate the effects of watering regimes on SDS development and on the SCN-FV 
interaction in soybean roots; 
b) Determine how the number and location of SCN syncytia changes in response to 
watering regime; 
c) Characterize the severity and location of root colonization by FV in response to 
watering and SCN presence. 
d) Assess how FV colonization affects the location of syncytia in roots. 
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Objective 2: 
To investigate if age-related resistance of older soybean plants to SDS is affected by 
SCN infection. This objective is accomplished by two sub-objectives: 
a) Evaluate the influence of SCN infection on SDS foliar and root severity on plants 
infected by FV at different ages. 
b) Examine the effects of infection by SCN, FV and their interaction on soybean root 
morphology.  
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Abstract 
 
Fusarium virguliforme (FV), a causal organism of sudden death syndrome (SDS), 
and Heterodera glycines Ichinohe, the soybean cyst nematode (SCN), are two of the most 
important soil-borne pathogens affecting soybean (Glycine max, Merr.) production in the 
USA. These two pathogens often co-exist in geographic distribution and interact in 
causing soybean yield loss. The mechanism of the interaction is unknown.  
The objective of the research was to conduct greenhouse experiments to discern 
how SCN and FV interact during root infection of soybean roots and to determine the 
effect of soil moisture levels on their interaction. Soybean seeds of cultivar AG2403 were 
planted in either SCN-infested or SCN-free soil and grown at 27° C for eight days prior 
to transplanting into FV-infested or FV-free soil. All plants were subjected to two 
watering regimes: normal (watered daily) and reduced (watered on alternate days). Foliar 
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SDS severity was assessed on alternate days for two weeks, and root rot severity, root 
weight, average root diameter, root volume, root length and number of root tips were 
assessed at the end of the experiment. The number and location of SCN syncytia and the 
colonization pattern of FV mycelium in roots were determined using light microscopy. 
Root pieces were excised, dehydrated in alcohol series and stained with toluidine blue.  
Foliar SDS severity was greater (P < 0.0001) in co-infected plants than in plants 
infected by FV alone, while root rot severity was not consistently affected by SCN. Root 
weight was reduced by infection with FV (P < 0.0001), but was not significantly affected 
by SCN or watering regime. Overall, plants infected with SCN had on average 120 root 
tips more (479) than plants not infected with SCN (358) (P < 0.0001). Microscopic 
observations showed that 86 – 98% of root tips were colonized by FV.  
Watering regime significantly affected SDS severity, SCN reproduction, and the 
location of FV mycelium and SCN syncytia in root tissues. Foliar SDS severity was 
greater under normal watering (P < 0.007), while the number of SCN females was greater 
under reduced watering (P < 0.0001). In the absence of FV, SCN syncytia were found 
predominantly in the stele and were predominantly in the cortex in the presence of the 
fungus (P < 0.0001). Mycelia of FV were found more frequently in the cortex when SCN 
was present than when absent, and more frequently in the stele under reduced watering. 
 Our study suggests that the lateral roots present a significant pathway for FV to 
enter and colonize roots of soybean plants and enhance the SDS disease development. 
When the two pathogens interact, water availability plays an important role in root 
colonization patterns and disease development, affecting differently each pathogen. 
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Fusarium virguliforme Aoki, O’Donnell, Homma and Lattanzi (FV) (Aoki et al. 
2003) and Heterodera glycines Ichinohe are two of the most damaging pathogens of 
soybean in North America. Both pathogens can severely hinder crop productivity (Kim et 
al., 1987). The soybean cyst nematode (SCN) can cause yield losses that are higher than 
other soybean pathogens (Wrather and Koenning, 2006).  
Fusarium virguliforme causes sudden death syndrome of soybeans (SDS), a 
disease that causes interveinal leaf scorch and premature defoliation (Roy et al., 1997; 
Leandro et al., 2012). Root symptoms of FV infection are rot and poor plant growth. The 
fungus overwinters in soil as chlamydospores and mycelia and infects soybean roots 
during the growing season (Xing and Westphal, 2006).  
The fungus colonizes the plant vascular tissue and produces toxins (Rupe, 1989; 
Jin et al, 1996; Brar et al., 2011) that move up into leaves via transpiration causing the 
foliar symptoms of SDS (Roy et al., 1989, Navi and Yang 2008; Li et al., 2009).  
Infection of soybean roots by FV usually occurs early in the growing season and is 
dependent on soil temperature and available moisture. High soil moisture promotes 
soybean root infection by FV and subsequent development of foliar symptoms (Scherm 
and Yang, 1996; Neto et al., 2006). Plants growing near ditches or in irrigated fields ) 
typically exhibit more severe SDS foliar symptoms (Roy et al. 1989) than plants in drier 
parts of the field. Melgar et al. (1994) suggested that soil moisture, and especially 
flooding, may inhibit normal functions of plant roots, thus creating favorable conditions 
for SDS development. Previous studies found that severity of foliar SDS symptoms was 
correlated to available soil moisture (Scherm and Yang, 1996).  
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The soybean cyst nematode is a sedentary root parasite that has developed in close 
association with soybeans, as evidenced by the development of syncytia, which are 
specialized feeding structures that are produced in soybean roots in response to SCN 
feeding (Davis et al. 2004; Ithal et al. 2007). The soybean cyst nematode thrives in sandy, 
well-aerated soils, and excessive soil moisture and cool temperatures can hinder its 
development (Alston and Schmitt, 1988). There is evidence that the location of SCN 
syncytia in root tissue differs under different levels of available soil moisture. Johnson et 
al. (1993) reported that when water was readily available to soybeans, SCN syncytia were 
predominantly found in the cortical root tissue, whereas a decrease in water availability 
caused SCN to form syncytia in the root stele (vascular tissue).  
The geographic distributions of FV and SCN in soybean production areas 
frequently overlap (Brzostowski, 2007). Soybean fields with both pathogens show greater 
yield loss than that caused by either of the pathogens individually Johnson et al., 1993; 
McLean and Lawrence, 1995; Gao et al., 2006; Kazi et al., 2008). The interaction 
between SCN and FV typically results in greater severity and earlier appearance of SDS 
foliar symptoms (Roy et al., 1989; Mclean and Lawrence, 1993; Xing and Westphal, 
2006). However, SCN infection is not required for FV infection to occur (Roy et al., 
1989; Melgar et al., 1994; Brzostowski, 2007). SCN field population densities have been 
shown to decrease in the presence of FV (Mclean and Lawrence, 1993; Gao et al., 2006) 
and the morphological appearance of SCN cysts changes in response to simultaneous 
infection by FV and SCN (Mclean and Lawrence, 1993).  
 33
Despite abundant evidence for an interaction between SCN and FV (Roy et al., 
1989, Gao et al., 2006, Xing and Westphal, 2006, Xing and Westphal, 2009), there is a 
lack of information about the mechanisms of this interaction and how it is affected by soil 
moisture and temperature (Roy et al., 1997). One hypothesis is that SCN-created wounds 
may be sites where FV can penetrate and colonize the roots. A similar mechanism has 
been hypothesized for the interaction between SCN and Cadophora gregata (causal 
organism of brown stem rot); i.e., SCN-created wounds could facilitate fungal infection 
of root tissue (Tabor et al., 2003). A study by McLean and Lawrence (1995) provides a 
starting point in understanding the mechanism of the SCN-FV interaction. These authors 
observed FV mycelia colonizing the root cortex and cells adjacent to developing SCN 
cysts. They also reported that the location of SCN juvenile penetration into soybean roots 
was not affected by FV colonization (McLean and Lawrence, 1995). However, the role of 
SCN syncytia in colonization and distribution of FV in roots and the influence of soil 
water availability on the SCN-FV interaction need to be clarified.  
The objectives of this study were to investigate the effect of available soil moisture 
on development of SCN and severity of SDS disease symptoms, as well as to quantify the 
level of root colonization by FV and the changes in location of SCN syncytia in response 
to watering regime and FV/SCN presence in roots.  
Materials and Methods 
Soybean cultivar. The soybean cultivar AG2403 (Monsanto, St. Louis), a 
glyphosate-tolerant, maturity group II cultivar susceptible to SCN and FV, was used in all 
experiments. Cultivar AG2403 was selected as it is considered a universal susceptible 
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that has been previously used in SDS research (Gongora-Canul and Leandro, 2011a; 
2011b). Seeds of AG2403 were surface-disinfested by immersion in 0.5% sodium 
hypochlorite for 3 minutes, followed by three rinses in sterile, deionized water (SDW) 
prior to pre-germination at ambient temperature (24 ± 2° C) on paper towels. Seedlings 
were allowed to grow in the paper towel for 24 hours before the beginning the 
experiment. 
Fusarium virguliforme inoculum. Fusarium virguliforme isolate Mont 1, a 
monosporic isolate collected in Monticello, Illinois in 1991 (Achenbach et al., 1996), was 
used in the experiments. The Mont 1 isolate was selected due to its high virulence and 
frequent use in SDS research (Li et al., 2009). The isolate was maintained in the 
laboratory on potato dextrose agar (PDA, Difco Laboratories, Detroit, MI), at ambient 
temperature (24 ± 2° C), and re-transferred onto new PDA plates to ensure the 
maintenance of virulence.  
A modified protocol from Munkvold and O’Mara (Munkvold and O’Mara, 2002) 
was used to prepare FV inoculum for all experiments. Prior to the start of the 
experiments, the isolate was grown on PDA at 24 ±2° C for two weeks in natural 
daylight conditions. A conidial suspension was prepared by flooding culture plates of FV 
with SDW and dislodging conidia using a sterile rubber spatula. The conidial suspension 
was filtered through three layers of sterile cheesecloth, and the concentration of the 
filtered spore suspension was adjusted with SDW to 1 × 106 spores ml-1. Sterile, 
deionized water was used for the controls. 
 35
A mixture of sand (1900 mL), cornmeal (380 mL) and water (100 mL) was 
autoclaved in vented autoclavable bags for 1 hour at 121° C on two consecutive days. 
When the bag contents cooled to room temperature after the second autoclaving, 2 ml of 
a 1 × 106 spores ml-1 of newly prepared FV spore suspension was introduced into each 
bag, and the contents of the closed bags were thoroughly mixed by inverting the bags. 
Bags were incubated for six days in the dark at 24 ± 2° C. After six days of incubation, 
inoculum samples were taken from the selected bags, sprinkled onto PDA plates, and left 
at room temperature (24 ± 2° C) for four to five days. Colony morphology was visually 
examined to confirm the presence of FV and the absence of contaminates (data not 
shown).  
Soybean cyst nematode inoculum. The H. glycines population used originated from 
naturally infested soil from southeast Iowa. A Heterodera glycines (HG) type test 
(Niblack et al., 2002), conducted prior to the start of the experiment, indicated that the 
SCN population was HG type 0 (data not shown). A population HG type zero means that 
a given SCN population does not reproduce equal or more than 10 percent on any of the 
standard HG indicator lines (Tylka, 2006). Since the base of resistance in soybean 
breeding is narrow, the majority of currently planted genotypes will have resistance 
originating in some of the indicator lines typically used in HG type testing. Therefore, the 
value of knowing the HG type of the SCN population provides information of what the 
reproduction rate of the used population will be on a genotype used.  
To obtain inoculum for the experiments, SCN population type 0 was increased in 
the greenhouse by planting a susceptible soybean cultivar, Williams 82 (Niblack et al., 
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2009) in 12-cm-diameter clay pots containing the naturally infested soil. Pots were 
watered once a day and kept at ambient temperature (24 to 26° C) under supplemental 
lighting (high pressure sodium, 400W, 14 h day-1) for five weeks. Cysts (dead SCN 
females containing eggs) were dislodged from soil by wet-sieving and decanting 
(Niblack, et al., 2003). The cysts were collected in a No. 60 (250 μm pore) sieve placed 
below a No. 20 (850 μm pore) sieve. Cysts were separated from debris particles by 
centrifugal flotation (Jenkins, 1964), collected in a beaker, and incorporated into the 
pasteurized sand-soil mix used in SCN and FV+SCN treatments. For each of these 
treatments, 50 SCN cysts were suspended in 10 mL tap water and added to the soil for 
each individual cone (3.8 cm diameter, 21 cm deep; Stuewe and Sons, Oregon, USA), 
and thoroughly mixed to ensure an even distribution throughout the soil profile. Control 
plants were grown in cones filled with sterile sand-soil mix + non-inoculated sand-
cornmeal mix. 
Experimental design and incubation conditions. Experiments were organized 
according to a randomized complete design with two factors: factorial combination of 
pathogen species (four treatments) and watering regime (two levels). The three pathogen 
treatments were SCN, FV, SCN+FV, and a control (not inoculated with either pathogen). 
The two watering regimes were normal watering, in which the plants were watered daily 
with approximately 10 mL water per cone and soil was kept at or close to water-holding 
capacity, and reduced watering, which consisted of adding 50% less water than the 
normal watering regime (plants were watered on alternate days with approximately 10 
mL of water per cone).  
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Pre-germinated soybean seeds were transplanted into cones filled with SCN-infested or 
SCN-free soil. Cones were positioned into buckets filled with sand and placed in 
waterbaths for eight days at 27° C, with a 14-h photoperiod. On the eighth day, seedlings 
were removed from the first set of cones; roots were washed off of SCN infested soil, and 
transplanted into a second set of cones that contained either FV-infested or FV-free soil. 
The second set of cones was then placed in a second set of plastic buckets filled with 
sand. Buckets were placed in water baths at 27° C with a 14-h photoperiod for an 
additional nine days. This FV inoculum was used to infest steam-pasteurized sand-soil 
mix (77.6% sand, 5.3% coarse silt, 6.6% fine silt and 10.4% clay) by mixing at a 1:8 ratio 
by volume (one part inoculum, eight parts of sand-soil substrate). The beginning of 
feeding of SCN juveniles is associated with the thickening of the vermiform nematode 
body. To assess if the feeding had started at the time of FV inoculations, preliminary 
experiment was conducted to measure the J2’s length and width. In this study, 
measurements were taken on live non-stained hatched juveniles in water, acid-fuchsin 
stained juveniles outside of plant root, and acid-fuchsin stained juveniles inside of the 
plant root. The results of this experiment showed there was no increase in body width nor 
length. These findings suggest that feeding had not started prior to the inoculation with 
FV.  
There were total of 16 buckets per water bath and 16 plants (one per cone) in each 
bucket. Eight buckets (two per pathogen treatment) were assigned to the normal watering 
regime, and eight buckets were assigned to the reduced watering regime. Within each 
watering regime, two buckets were randomly assigned inoculation with FV, FV+SCN, 
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SCN, or no pathogen (control). Watering regimes started after seedlings emerged and 
cotyledons were above the soil line. 
At 17 days after planting (DAP), eight plants from each bucket were randomly 
selected and removed from cones. The roots of these plants were processed for 
microscopic observations. The remaining eight plants in each bucket were left in the 
water bath until 33 DAP. On these remaining plants, SDS foliar severity was assessed 
every two days, starting one week after FV inoculation and continuing until the end of the 
experiment (33 DAP). Foliar disease severity was assessed visually as the percentage of 
leaf area with chlorotic or necrotic symptoms typical of SDS. Root rot severity (% root 
area showing reddish-brown to black discoloration) and fresh root weight were assessed 
33 DAP (16 days after FV inoculation). To determine the effect of SCN and FV infection 
on root structure, fresh roots were scanned using a flatbed scanner (Epson Expression 
10000XL) and the images analyzed with WinRhizo software (version 2012b, Regent 
Instruments, Canada, Inc.). Image analyses provided information regarding root length 
(cm), average root diameter (cm), root volume (cm3) and number of root tips on each 
plant.  
Sample preparation for microscopic observations. Five root segments were 
excised from six plants within each treatment (pathogen and watering regime 
combination) and processed for microscopic observation. A total of 240 root segments 
were prepared (48 plants x five root segments each). Root segments from plants 
inoculated with SCN were selected to include at least one maturing, erupting SCN cyst 
(Fig. 1). Root segments from plants not inoculated with SCN were excised arbitrarily.  
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Roots were fixed in formalin-acetic acid-alcohol (FAA) for seven days at 4° C, 
dehydrated in a graded ethanol series (50%, 75%, 80%, 95% and 100%), cleared with 
xylene, and then infiltrated and embedded using Paraplast paraffin (Fisher Scientific, 
Pittsburgh, PA). Root sections were cut with an A/O 820 rotary microtome (Fisher 
Scientific, Pittsburgh, PA) and were 8 µm thick. Root segments were cut as serial 
sections. The number of sections varied depending on the diameter of the root segment 
and all prepared root sections were examined. The ribbons (root sections) were placed on 
glass microscopy slides, deparaffinized, and stained with toluidine blue. The stained root 
sections were dehydrated, cleared with xylene, and covered with a coverslip. Slides were 
observed using a compound light microscope (Zeiss AxioPlan II, Carl Zeiss, Inc., 
Thornwood, NY) and digital images were recorded using a Zeiss Axiocam HRC digital 
camera. Of the 240 root segments collected, 210 root segments were processed and 
examined using microscopy (30 root segments for the three treatment combinations with 
pathogens within each watering regime, plus 15 root segments from the non-inoculated 
controls within each watering regime).  
Microscopic observations were made to record the location of FV mycelia in the 
cortex and stele tissues of the roots, and to evaluate the root area colonized by FV 
mycelia. The presence of FV mycelia in the stele and cortex of the root segments was 
recorded as yes/no data. A single positive section meant the entire root piece was 
classified as mycelia present. Within each root section, the area of the root segment 
colonized by FV mycelia was compared to the total area of the root segment and 
expressed as a percentage. Each root section was independently assessed for the area of 
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the root section colonized by FV mycelia and then averaged over the entire root segment. 
The total number of SCN syncytia in each root segment and the number of SCN syncytia 
located in the cortex or stele also were recorded. The incidence of soybean lateral roots 
(any horizontal root extension seen protruding from the primary root) that were colonized 
by FV was recorded as a percentage of the total number of visible lateral roots per root 
segment. We also recorded if pathogens were in close proximity to one pathogen to 
another. Pathogens were considered to be in close proximity if the distance between the 
pathogens was equivalent to or less than the width of two plant cells.   
Statistical analysis. The experiment was conducted three times. Foliar SDS 
disease severity, root rot and root weight were collected in all three runs of the 
experiment. Data for microscopic observations, root length, average root diameter, root 
volume and number of tips were collected in the 2nd and 3rd runs of the experiment. As a 
preliminary step, Levene’s test of homogeneity was performed for response variables to 
assess homogeneity of variances among the experimental runs. Variation between 
experimental runs was not statistically significant, therefore data were pooled and 
analyzed together. Data for root volume were transformed using the square root method 
(SAS Institute, Cary, NC, version 9.2) to achieve normal distribution. The remaining data 
were not transformed. Analysis of variance was performed using a generalized linear 
mixed model analysis (SAS PROC GLIMMIX) for each response variable. 
Data for foliar SDS severity were graphed, and trapezoidal integration was used to 
calculate area under the disease progress curve (AUDPC) for each plant (Campbell and 
Madden, 1990). Data from plants not inoculated with FV were not included in the 
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ANOVA for foliar symptoms, because foliar SDS symptoms did not develop on these 
plants.  
Results 
 Foliar severity was greater in co-infected plants that in FV-infected plants (P < 
0.001). However, root rot was not consistently affected by SCN infection. Root weight 
was overall reduced by FV infection (P < 0.0001), but SCN and watering did not 
significantly affect it. Watering affected the SCN syncytia and FV mycelia location. 
Under reduced watering, SCN syncytia were mostly found in stele (P < 0.0017). 
Similarly, FV mycelium was mostly found in stele when plants were grown under 
reduced watering (P < 0.04).  
 The severity of SDS foliar symptoms was greater on co-inoculated plants than in 
plants inoculated with FV alone (P = 0.036). This difference in symptom severity was 
evident early in the rating period and continued throughout the experiment (Fig. 2). By 22 
days after inoculation (DAI), co-inoculated plants watered every day developed foliar 
symptoms on > 60% of the leaf area, while plants inoculated with FV alone developed 
foliar symptoms on approximately 30% of the total leaf area (Fig. 2). When plants were 
watered every other day, foliar severity was 15% at 22 DAI in co-inoculated plants 
(FV+SCN) and 10% in plants inoculated with FV only. In both co-inoculated plants and 
those inoculated with FV alone, foliar severity increased over time. Foliar symptoms 
developed more quickly in plants under normal watering than in plants that received 
reduced watering (Fig. 2). 
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 Considering AUDPC, co-inoculated plants developed more severe foliar 
symptoms (AUDPC = 396) than plants inoculated only with FV (AUDPC = 140) (P < 
0.0031) (Fig. 3). Plants grown under the normal watering had more severe foliar 
symptoms (AUDPC = 404) than plants grown under the reduced watering (AUDPC = 
131.43) (P < 0.007). 
 Co-inoculation increased AUDPC significantly when plants were watered daily, 
but not when plants received reduced watering (Fig. 3). Co-inoculated plants that 
received daily watering had foliar AUDPC values three times greater (AUDPC = 594) 
than plants inoculated with FV only (AUDPC = 215). The same numerical trend was 
observed in reduced watering, although differences in AUDPC values for plants 
inoculated with FV+SCN and FV alone were not statistically significant (Fig. 3). 
 Generally, plants infected with FV developed six times more root rot severity than 
plants not infected with FV (P < 0.0001), however, similar levels of root rot were 
observed in plants with and without SCN infection (P > 0.05) (Fig. 4). Plants infected 
with FV alone had greater root rot severity than co-inoculated plants (P = 0.0401). Plants 
inoculated with SCN and plants in the control treatment developed similar levels of root 
rot that were much lower than root rot severity on plants that were exposed to FV.  
 Plants not inoculated with FV generally showed 9-10% root rot severity in all 
experiments. However, these plants lacked typical foliar symptoms associated with FV 
infection. When plants not inoculated with FV were examined using light microscopy, no 
evidence of any fungal infection was found. 
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 There was a significant interaction between pathogen treatments and watering 
regimes (P < 0.049). Under the normal watering regime, co-inoculated plants and plants 
inoculated with FV alone had similar levels of root rot (P > 0.05), while in the reduced 
watering regime, co-inoculated plants developed less root rot than plants inoculated with 
FV alone (Fig. 4A).  
 The average root weight of plants inoculated with FV (0.8 g) was less than half 
that of plants that were free of FV infection (1.7 g) (P < 0.0001). The effect of SCN 
infection was not significant. Plants free of SCN infection and SCN-infected plants had 
similar root weights.  
 Root weights of plants that received normal watering (1.5 g, averaged over all 
pathogen treatments) were greater than the mean root weight for plants grown under 
reduced watering (1.1 g) (P = 0.0222). Plants in the control treatment had the greatest 
root weights in both watering regimes. Root weight on control plants was greater than on 
plants infected with FV only or co-inoculated plants, but did not differ from plants 
infected with SCN only (P = 0.86) (Fig 4B).  
 Co-inoculation with SCN and FV did not have an additive effect (i.e., result in 
cumulative reduction) on root weight. Plants exposed to both pathogens and plants 
exposed to FV alone had similar root weights. Roots of co-inoculated plants and FV only 
inoculated plants weighed approximately 1 g on average, whereas root weights for plants 
free of FV infection ranged from 1.2 to 2.1 g.  
 Plants infected with FV, averaged over watering regimes, had 130 fewer root tips 
than plants that were not inoculated with FV (P < 0.0005) (Fig. 4C). Overall, plants 
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infected with SCN had on average 120 more root tips (479) than plants that were not 
infected with SCN (358) (P < 0.0001). However, the interaction between FV and SCN 
significantly altered the number of root tips per plant (P < 0.0001); plants inoculated with 
FV alone had, on average, 235 fewer root tips than plants co-inoculated with FV and 
SCN. 
 The number of root tips per plant was not significantly affected by watering 
regime nor by the interaction between watering regime and pathogen treatment (P > 
0.05). Plants grown under normal and reduced watering regimes developed similar 
numbers of root tips (420 per plant). Similar trends were observed for each pathogen 
treatment when numbers of root tips in each watering regime were compared. Co-
inoculated plants developed, on average, 449 and 528 root tips in normal and reduced 
watering regimes, respectively. In contrast, plants inoculated with only FV developed 262 
and 240 root tips in normal and reduced watering regimes, respectively (Fig. 4C). 
The frequency of FV colonization of stele and cortex root tissues was significantly 
influenced by pathogen treatments (P < 0.0001). Fusarium virguliforme mycelia were 
found more frequently in the cortex of plants infected with FV alone (49.2%) than in 
plants co-inoculated with both pathogens (33.3%); however, these frequencies were not 
statistically different. The percentage of plants with FV colonization in the stele was 
significantly affected by SCN infection (P = 0.0215). When plants were co-inoculated 
with SCN and FV (combined over watering regime), more FV mycelia were found in 
stele (33.7%) than in plants free of SCN infection (6.7%). 
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 Watering regime significantly affected the extent of FV colonization of stele 
tissue (P = 0.0403). In the reduced watering regime, the average area of the stele 
colonized by FV was 28.8% of the entire root segment examined, while in the normal 
watering regime, 11% of the area of the stele was colonized by FV mycelia.  
Infection with SCN increased the extent of FV colonization of the stele in both watering 
regimes. However, the extent of stele colonization by FV was greater (49.9% of the total 
root segment area) in reduced than in normal watering (15.1% of the total root segment 
area) (P = 0.0013).  
 Microscopic observations of soybean roots inoculated with FV showed that the 
majority of lateral roots were colonized by FV mycelia (Fig. 5). In the normal watering 
regime, 97.8% of lateral roots were colonized in plants inoculated with FV alone, while 
colonization of lateral roots occurred at a frequency of 86.5% in co-inoculated plants 
(Table 1). In reduced watering, 98.2% of lateral roots were colonized in plants inoculated 
with FV, while lateral roots of co-inoculated plants were colonized in 92.3% of cases 
(Table 1). Control plants and plants infected with SCN only did not show any evidence of 
colonization by the fungus (Fig. 6).  
 The frequency of root segments with SCN syncytia in the root cortex (Fig. 6E) 
was not affected by watering regimes; we detected similar frequencies of SCN syncytia in 
cortex tissue in both watering regimes (Fig. 7) (Table 2). However, the frequency of SCN 
syncytia in cortex tissue was higher when roots were simultaneously infected with FV 
and SCN compared to when plants were infected with SCN alone (P = 0.0048) (Fig. 7) 
(Table 2). 
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 SCN syncytia were formed at lower frequency in the stele (Fig. 6F) when plants 
were inoculated with FV and SCN than when plants were only inoculated with SCN (P < 
0.0001) (Fig. 7A), and when plants were grown under a normal watering compared to the 
reduced regime (P = 0.0017) (Fig. 7B). Under reduced watering, syncytia were found at 
greatest frequency in the stele in plants infected with SCN only (2.2 syncytia per root 
piece), with approximately three times less syncytia in the stele in plants (co-inoculated 
with FV+SCN (P = 0.002) (Table 2) 
 Under normal watering, the trends were similar and more SCN syncytia were 
found in the stele when plants were co-inoculated with FV. However, the frequency of 
SCN syncytia were lower than frequency of SCN syncytia found in stele on plants grown 
under reduced watering (0.64 syncytia per root piece). 
 When plants were free of FV infection, the majority of SCN syncytia were found 
in stele tissue (90%). However, when FV was also present in roots with SCN, only half of 
the SCN syncytia were found in the stele (49%) (Fig.7). When plants were watered daily, 
57% of the SCN syncytia were located in the root stele. In contrast, when plants were 
watered every other day, a higher percentage (82%) of the SCN syncytia were found in 
stele tissue (Fig. 7). In the normal watering regime, 27 out of a total of 55 SCN females 
(52.1%) were found in close proximity to FV mycelia (Table 1), whereas, in the reduced 
watering regime, only 26 out of a total of 90 SCN females (28.7%) were associated with 
FV (Table 1).  
 Plants infected with FV had smaller average root diameters than plants free of FV 
infection (P < 0.0001). Root diameter of plants infected by FV was 0.17 mm less than 
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plants free of FV infection. SCN infection was also associated with reduced root 
diameter; however, the decrease was less (0.7 mm) than the decrease caused by FV 
infection. Plants that received normal watering had root diameters that were 0.06 mm 
larger than root diameters on plants that received reduced watering (P = 0.0048). Plants 
free of SCN infection that were in normal watering treatment had the greatest average 
root diameter (0.52 mm). The effect of SCN inoculation in either watering regimes was 
not significant (P > 0.05). 
 Infection with FV resulted in lower root volumes (P < 0.0001) compared to 
non-infected plants (data not shown). The mean root volume of FV-free plants was 
approximately 4.5 times greater (1.1 cm3) than root volume of plants infected with FV 
(0.2 cm3). Plants infected by SCN also showed a decrease in root volume compared to 
plants that were free of SCN (P = 0.0013). Root volume was greater in normal watering 
than in reduced watering (P = 0.0003). In all three pathogen treatments (FV alone, FV + 
SCN, and SCN alone), mean root volumes were influenced by watering regime (P = 
0.0038, 0.0053 and 0.0260, respectively). Watering regime had more detrimental effect 
on root volume than did SCN infection. Plants grown with normal watering had a mean 
root volume of 0.78 cm3, while plants grown in reduced watering had root volume that 
was, on average, 0.48 cm3. 
 Root length was reduced (P < 0.0001) in plants infected by FV compared to 
plants free of FV infection. Plants grown with normal watering had longer total root 
lengths (366.7 cm) than plants grown in reduced watering (309.7 cm) (P = 0.0332). 
Plants inoculated with SCN alone showed a decrease in length (429.9 cm) compared to 
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control plants (506.4 cm), but had longer total root lengths than plants inoculated with 
FV+SCN (264.8 cm) and FV (193.0 cm) (P = 0.0119). Plants that were not inoculated 
with SCN, and grown in normal watering regime, had the greatest root length (395.5 cm) 
compared to plants grown under reduced watering (303.9 cm). Normal watering and 
alternate-day watering regimes did not affect mean total root lengths in SCN-inoculated 
plants (345 and 329 cm, respectively).  
Discussion 
Although the interaction between FV and SCN has been noted in many studies 
McLean and Lawrence, 1993; McLean and Lawrence, 1995; Gao et al., 2006; Xing and 
Westphal, 2006; Xing and Westphal, 2009), knowledge about the basic mechanisms of 
this interaction, including how these pathogens interact within roots and how they are 
affected by different environmental conditions, remains largely unknown. Our study is 
the first to report the spatial relationship between SCN and FV within soybean roots. By 
using light microscopy, it was demonstrated how root colonization and establishment of 
feeding sites differs when each pathogen infects alone versus when in combination, and 
how water availability in soil affects the SCN-FV interaction.  
Other cyst nematodes, i.e. Heterodera schachtii Schmidt, have been known to 
facilitate the penetration of fungi, such as Rhizoctonia solani, in sugar beet roots (Endo, 
1975). Our starting hypothesis was that FV would be closely associated with SCN in 
soybean roots, and our data supported that hypothesis only partially. Even though the two 
pathogens were found in the same root sections, SCN syncytia and FV mycelia were 
found in close proximity with a frequency of 52% in normal watering and 29% in 
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reduced watering. These frequencies suggest that even if SCN wounding facilitated FV 
penetration into the plant root system, wounds were unlikely to be the primary entry 
mode for FV into soybean roots.  
As previously shown, nematodes are not essential for FV infection of roots (Roy 
et al., 1989; Melgar, 1994; Brzostowski, 2007), although they can interact with fungal 
pathogens and enhance disease development (Roy et al., 1989; Mclean and Lawrence, 
1993; Xing and Westphal, 2006). The findings of this study confirmed previous research 
on the SCN-FV interaction (Roy et al., 1989; Mclean and Lawrence, 1993; McLean and 
Lawrence, 1995; Brzostowski, 2007). In addition, SDS foliar symptoms were more 
severe and developed earlier in plants exposed to both pathogens compared to plants 
infected with FV only. This synergistic interaction between a fungal pathogen and SCN 
also occurs with the brown stem rot (Phialophora gregata)-SCN pathosystem, where 
SCN infection of roots increases brown stem rot symptom expression (Tabor et al., 
2006). Despite an increase in foliar symptoms in co-inoculated plants in our studies, no 
evidence was found that plants infected by FV and SCN develop more root rot than plants 
infected by FV only.  
It is clear that infection of soybean roots by FV affected root weight by decreasing 
it, and this finding was in agreement with previous reports by Gao et al. (2006). However, 
the findings of this study differed from Gao et al. (2006) in that in our study, root weight 
was not affected by SCN infection or the amount of available water. 
In the microscopic observations of the SCN-FV interaction, more lateral roots 
were observed in plants infected with SCN than in plants not exposed to SCN. Growth of 
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lateral roots helps anchor the soybean plant to the soil and it causes the breakage of the 
root surface, thus possibly creating wounds on plant roots (Kozlowski and Pallary, 1996). 
Previous research recorded that F. verticillioides attaches to lateral roots of plants as soon 
as 72 hours after planting into infested soil (Oren et al., 2003). The same authors 
suggested that infection of lateral roots, together with infection of the mesocotyl, were the 
primary ways by which F. verticillioides penetrated host plant root systems. The 
observations of this study suggest that a similar process may occur in the SCN-FV 
interaction as well. In addition to seeing a greater number of lateral roots in the presence 
of SCN, the majority of lateral roots were colonized by FV mycelium. Navi and Yang 
(2008) found that the radicle and root cap were important host features in the FV 
infection process. They found that approximately 30% of FV spores germinated and 
penetrated via the soybean root cap. The fact that over 97% of the examined lateral roots 
were infected by FV presents evidence that lateral roots may be an important way for FV 
to penetrate and colonize root tissue of soybean plants.  
The effect of water availability on location of SCN feeding sites has been 
previously investigated. Johnson et al. (1993) reported that in wet or moderately wet 
watering regimes, SCN syncytia were found exclusively in the cortex, while syncytia 
formed in the stele when plants were under dry soil conditions. To our knowledge, there 
are no studies on the location of syncytia in response to different watering regimes in 
plants co-infected with FV and SCN. Also observed was that the majority of SCN 
syncytia were found in the cortex when plants were grown with a normal watering 
regime, but a majority of the syncytia were formed in the stele when plants grew under 
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reduced watering. Watering also had an effect on the total number of SCN females in 
roots, with greater numbers of SCN cysts in plants grown in the reduced than in the 
normal watering regime (Table 1). Our study is among the first to report on the 
interaction of these two pathogens inside soybean roots, which allowed observations on 
the changes in root colonization patterns in response to the SCN-FV interaction. 
 Despite that our research was conducted on a single soybean cultivar and that the 
results may differ if other soybean cultivar were used, our results still have significant 
implications for plant breeders, growers, and the SCN and SDS research community. The 
information obtained in this research provides a stepping-stone for further research that 
could include a variety of soybean genotypes with varying levels of resistance to 
either/both pathogens. Also, the research presented in this dissertation can be utilized to 
further understand the mechanism behind the interaction between these two important 
pathogens. 
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 Table 1. Total numbers of soybean cyst nematode (SCN) syncytia located in proximity to F. virguliforme (FV) mycelia, 
total number of soybean cyst nematode females found in root segments, percent of SCN syncytia associated with FV mycelia, 
number of lateral roots colonized by FV mycelia and total root segment area colonized by FV mycelia by pathogen and water 
regime treatments.  
 
Treatment 
Watering 
regime 
Syncytia 
associated 
with FV (n) 
Total 
number of 
SCN 
syncytia (n) 
SCN 
syncytia 
associated 
with FV 
(%) 
Lateral 
roots 
colonized 
by FV (n) 
Total 
number of 
lateral 
roots (n) 
Frequency 
of lateral 
root 
colonization 
by FV 
mycelia 
FV* Normal n/a n/a n/a 45 46 97.8 
FV Reduced n/a n/a n/a 55 55 98.2 
SCN+FV** Normal 27 55 52.1 32 37 86.5 
SCN+FV Reduced 26 90 28.7 36 39 92.3 
SCN*** Normal n/a 92 n/a n/a n/a n/a 
SCN Reduced n/a 161 n/a n/a n/a n/a 
 
n/a – not applicable. Values for syncytia associated with FV, total number of SCN syncytia are not presented in FV 
treatments as they are not applicable for treatments not inoculated with soybean cyst nematode (SCN). Also, data on 
syncytia associated with FV, and frequency of lateral root colonization by FV mycelia is not presented in SCN treatment. 
* - FV – plants inoculated with FV only  
** - SCN+FV – plants inoculated with FV and SCN 
*** - SCN – plants inoculated with SCN only 
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Table 2. Total number of soybean cyst nematode (SCN) syncytia in stele or cortex tissue of plant roots. Numbers 
represent the total numbers of SCN syncytia found in sampled plants. Watering did not statistically affect number of 
SCN syncytia in cortex (P > 0.05), but more SCN syncytia were found in cortex of co-infected plants than SCN only 
infected plants (P < 0048). In stele, more SCN syncytia were formed in SCN than in SCN+FV plants (P < 0.0001) and 
more SCN syncytia were formed in stele under reduced watering than under normal watering (P = 0.0017). 
 
Treatment 
Watering 
regime 
Number 
of SCN 
syncytia 
in stele 
Number 
of SCN 
syncytia 
in cortex 
Total 
number 
of SCN 
syncytia 
SCN+FV* Normal 17 38 55 
SCN+FV Reduced 61 29 90 
SCN** Normal 77 15 92 
SCN Reduced 156 5 161 
 
* - SCN+FV – plants inoculated with FV and SCN 
** - SCN – plants inoculated with SCN only 
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Figure 1. Stained soybean cyst nematode female protruding from a soybean root, viewed 
17 days after cv. AG2403 seedlings were planted in cones filled with SCN-infested sand: 
soil mix. The image in the upper right corner is a close-up of the same SCN female. 
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Figure 2. Progress of foliar symptoms of sudden death syndrome of soybeans on plants 
(cultivar AG2403) inoculated with F. virguliforme alone or with both F. virguliforme and 
soybean cyst nematode (SCN). 
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Figure 3. Area under the disease progress curve (AUDPC) for plants grown in soil 
infested with soybean cyst nematode and/or F. virguliforme, based on observations of 
percent leaf area with soybean sudden death syndrome symptoms. Error bars represent 
standard deviation (n = 16 plants/watering regime) 
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Figure 4. Root rot severity, root weight, and number of root tips on soybean plants (cv. 
AG2403) grown in soil infested with soybean cyst nematode and/or F. virguliforme. 
Error bars represent standard deviation (n = 16 plants/watering regime) 
 
A 
B 
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Figure 5. Images of (A) a lateral root growing on a non-inoculated soybean plant root, (B 
to F) lateral roots of soybeans colonized by F. virguliforme mycelium. Stained F. 
virguliforme mycelium is present in dark blue areas (indicated by red arrows).  
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Figure 6. Longitudinal sections through soybean roots: (A) control plant with non-
infected tissue, (B) emergence of a lateral root on a control soybean plant, (C, D) soybean 
roots with F. virguliforme infections (indicated by red arrows), (E) soybean cyst 
nematode in syncytium (stained darker blue) in cortex tissue (indicated by red arrows), 
(F) Syncytium forming within vascular (stele) tissue (indicated by red arrows).  
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Figure 7. Frequency of soybean cyst nematode syncytia found in stele and cortex tissues 
of soybean plants inoculated with soybean cyst nematode (SCN) and/or F. virguliforme, 
averaged over both watering regimes, and frequency of SCN syncytia location in plants 
watered normally or every other day, averaged over all plants with SCN. The effect of 
watering was significant for SCN syncytia distribution in stele, but not in cortex. The 
effect of FV infection on SCN syncytia distribution was significant in both stele and 
cortex
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CHAPTER 3 
 
HETERODERA GLYCINES INFECTION INFLUENCE ON SUDDEN DEATH 
SYNDROME FOLIAR AND ROOT SYMPTOMS OF SOYBEAN PLANTS 
INOCULATED WITH FUSARIUM VIRGULIFORME AT DIFFERENT PLANT AGES 
 
A paper to be submitted to the journal Plant Disease 
 
Nenad Tatalovic, Gregory L. Tylka and Leonor F. S. Leandro, Department of Plant 
Pathology and Microbiology, Iowa State University, Ames 50010 
 
Abstract 
Fusarium virguliforme (FV), which causes sudden death syndrome (SDS) of 
soybeans in the USA, can infect soybean roots at the early seedling stages. The soybean 
cyst nematode (SCN-Heterodera glycines) is often present in soybean roots infected with 
FV. Concurrent infections by both pathogens may result in earlier and more severe SDS 
symptoms, but the mechanism of the interaction remains unknown. The objective of the 
research was to determine the effect of SCN infection on age-related resistance of 
soybeans to SDS. The study was conducted under greenhouse conditions. Soybean 
cultivars AG2403 (susceptible to FV and SCN) and MACO24757 (moderately resistant 
to SCN and susceptible to FV) were planted in SCN-infested or SCN-free soil, grown in 
waterbaths at 27° C for 4, 8, 12, 16 or 20 days, and then transplanted into FV-infested or 
FV-free soil. Plants were scored for foliar severity, root rot and root were scanned to 
assess the number of root tips. SDS foliar and root rot severity was greater in co-
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inoculated plants (P < 0.0001) than in plants inoculated with FV alone. Plants inoculated 
with FV at younger ages had greater SDS foliar and root rot severity than plants 
inoculated at older ages (P < 0.0001). Root weights were lower in plants inoculated with 
one or both pathogens, but co-inoculation did not cause additional reduction in root 
weight. Plants inoculated with FV had fewer root tips than plants without FV infection, 
whereas infection by SCN did not significantly affect the number of root tips compared to 
control plants. Infection by SCN increased the susceptibility of plants to SDS, but did not 
change the age-related resistance of older soybean plants to SDS.  
 
Fusarium virguliforme (FV) Aoki, O’Donnel, Homma and Lattanzi (Aoki et al., 
2003) is a soil-borne fungal pathogen that infects soybean roots and causes sudden death 
syndrome (SDS) of soybeans. The fungus colonizes both root cortical and vascular 
tissues, resulting in root necrosis and rot (Roy et al., 1997). Toxins produced by FV cause 
the typical foliar symptoms of SDS (Brar et al., 2011; Jin et al, 1996; Rupe, 1989), which 
are characterized by interveinal chlorosis, necrosis and premature defoliation (Roy et al., 
1997). The toxins are produced by FV in roots and are translocated into leaves via 
transpiration (Hartman et al., 2004, Roy et al., 1989, Navi and Yang, 2008, Hartman et 
al., 1997). Although SDS foliar symptoms typically develop at soybean reproductive (R) 
stages, root infections by FV can occur soon after planting (Hershman et al., 1990, Roy et 
al., 1997). Reduction in soybean yield is most severe when SDS symptoms appear in the 
early reproductive stages (Roy et al., 1997). 
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The soybean cyst nematode (SCN), Heterodera glycines Ichinohe and FV often 
occur in soil simultaneously, so it is not uncommon to find soybean plants infected by 
both pathogens Hirrel (1983). In general, simultaneous infections with SCN and FV 
result in increased severity and earliness of foliar SDS symptoms, and reduced yield in 
field conditions (Gao et al., 2006b; Hartman et al., 1995; Gao et al., 2006). The 
mechanisms responsible for the SDS and SCN interaction are however unknown (Roy et 
al., 1997 ; Scherm et al., 1998; Brzostowski 2007).  
Plant age at the time of infection can have a profound effect on disease 
development caused by fungi. In general, younger plants are more susceptible to fungal 
infections, often resulting in more disease (Hart and Endo, 1981, Sennoi et al., 2013, 
Smith and Backman, 1989). Some exceptions have been observed, particularly with 
brown stem rot of soybeans, caused by Phialophora gregata (Phillips, 1972). In previous 
SDS studies (Gongora-Canul and Leandro, 2011a; 2011b), FV was able to infect soybean 
plants at different ages, but infection of the youngest plants always resulted in the most 
severe SDS foliar symptoms. Concurrently, disease severity decreased with increasing 
plant age at inoculation.  
Soil temperature was shown to affect age-related resistance of soybean to SDS 
(Gongora-Canul and Leandro, 2011b) that is cooler soil extended the period of highest 
susceptibility of soybean to FV. Interactions with other soil organisms that co-exist in 
growers’ fields, including the SCN, may also affect the age response of soybeans to SDS. 
This relationship has not been yet researched.  
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Microscopic observations of soybean roots have shown that FV can follow 
wounds created by SCN juveniles that penetrate the roots (McLean and Lawrence, 1995). 
Nevertheless, FV infects tap or lateral roots equally well in the absence of SCN-created 
wounds, so wounding is not essential for infection. Miltner et al. (1990) showed that SCN 
infection could induce root branching, particularly in SCN-tolerant cultivars. Increased 
root branching increases the number of soybean root tips and lateral roots, which are 
important sites for FV infection (Ortiz-Ribbing and Eastburn, 2004, Navi and Yang, 
2008). Research to investigate whether root branching is enhanced in plants co-inoculated 
with SCN and FV, and whether root branching is part of the mechanism of the interaction 
is needed.  
The objectives of this study were to determine if SCN infection affects the age-
related resistance of soybean plants to SDS and to determine a possible mechanism for 
the SCN-FV interaction.  
Materials and Methods 
Soybean cultivars. Sixteen soybean lines were screened for resistance to SDS 
following the infested sorghum protocol modified by Luckew et al. (2012) and used by 
the Iowa State University soybean disease resistance breeding program (Table 1). The 
lines were also screened for resistance to an HG type 0 SCN population using the 
protocol described by Niblack et al. (2002). An SCN population zero means that this 
particular population will not have ≥ 10% reproduction on any given HG type indicator 
line (Tylka, 2006). As the base of resistance is narrow, the majority of currently planted 
genotypes will have resistance originating in some of the indicator lines typically used in 
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HG type testing. Therefore, the value of knowing the HG type of the SCN population 
provides information of what the reproduction rate of the used population will be on a 
chosen genotype.  
Based on the screening assays (Table 1), two cultivars were selected for further 
study: AG2403 (Monsanto, St. Louis), which is susceptible to FV and SCN (SCN 
reproduction on AG2403 is > 60% of the reproduction on a susceptible control); and 
MACO24757 (developed by D. Sleper and K. Clark at the University of Missouri and 
cited by Luckew et al., 2012), which is susceptible to FV and moderately resistant to 
SCN (11 – 17% reproduction compared to susceptible control). For the conduct of the 
experiments described here, seeds were surface-disinfested by immersion in 0.5% sodium 
hypochlorite, followed by three rinses (two minutes each) in sterile, distilled water 
(SDW) before planting.  
Fusarium virguliforme inoculum. Isolate Mont 1 of FV was used in all 
experiments. This isolate was obtained in 1991 from infected soybean roots from 
Monticello, IL (Achenbach et al., 1996). A modified protocol from Munkvold and 
O’Mara (Munkvold and O’Mara, 2002) was used to prepare FV inoculum for all 
experiments. The isolate was grown on potato dextrose agar plates (PDA; Difco 
Laboratories, Detroit, MI) for two weeks. During this period, cultures were maintained at 
ambient temperature (24 ± 2° C) in natural daylight conditions. A conidial suspension 
was prepared by flooding culture plates with SDW and dislodging conidia with a sterile 
rubber spatula. The conidial suspension was filtered through three layers of sterile 
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cheesecloth, and the concentration of the filtered spore suspension was adjusted with 
SDW to 1 × 106 spores/mL.  
A mixture of sand (1900 mL), cornmeal (380 mL) and water (110 mL) was placed 
in plastic autoclavable bags and autoclaved 1 hour at 121° C, on two consecutive days. 
After the mixture cooled to room temperature (24 ± 2° C), 2 mL of the freshly prepared 
FV spore suspension was added. The infested sand and cornmeal mixture was kept in the 
dark at 24 ± 2° C for 6 days and mixed thoroughly each day. After 6 days, samples were 
taken from arbitrarily selected bags, sprinkled onto PDA plates, and left at room 
temperature (24 ± 2° C) for four to five days. Colony morphology was examined visually 
to confirm the presence of FV and the absence of contaminants in the sand-cornmeal 
inoculum (data not shown). The inoculum was used to infest a steam-pasteurized (82° C 
for 90 minutes) sand-soil substrate (77.76% sand, 5.31% coarse silt, 6.57% fine silt and 
10.36% clay), using a 1:10 ratio v/v (1 part inoculum, 10 parts of sand-soil substrate), and 
thoroughly mixed.  
SCN inoculum. The SCN population used in all experiments originated from 
naturally infested soybean fields located in southeast Iowa. Heterodera glycines (HG) 
type testing (Niblack et al., 2002) was conducted twice, and it was determined that the 
SCN population was HG Type 0 (zero). HG type test provides information of how well 
SCN populations reproduce on sources of resistance currently available (Tylka, 2006). A 
population HG type zero means that given SCN population does not reproduce ≥ 10 
percent on any of the standard HG indicator lines (Tylka, 2006). As the base of resistance 
is narrow, the majority of currently planted genotypes will have resistance originating in 
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one (or more) of the indicator lines used in HG type testing. Therefore, the value of 
knowing the HG type of the SCN population provides information of what the 
reproduction rate of the used population will be on a chosen genotype.  
A susceptible soybean cultivar, Williams 82, was used to increase the initial SCN 
population (Niblack et al., 2009). Seeds were sown in SCN-infested soil and grown in 12-
cm-diameter pots for 5 weeks. Plants were grown in the greenhouse at 24° to 26° C, with 
14 h day-1 of supplemental lighting, and watered daily. A protocol for wet-sieving and 
decanting (Niblack et al., 1993) was used to extract SCN cysts from soil and plant roots 
at the end of the 5-week period. Debris was removed by centrifugal flotation (Jenkins, 
1964). Cysts were counted and incorporated into steam-pasteurized sand-soil mix 
(77.76% sand, 5.31% coarse silt, 6.57% fine silt and 10.36% clay). This soil mix was 
used to fill plastic cones (3.8 cm diameter, 21 cm deep; Stuewe and Sons, Oregon, USA).  
Experimental design and incubation conditions. The experiment was organized 
as a split-plot design with pathogen treatments (four combinations) and soybean cultivar 
(two cultivars) as whole-plot factors, and plant age at time of inoculation with FV (five 
ages) as a sub-plot factor. The two whole-plot factors were organized in a factorial 
design, with a total of eight treatment combinations (four pathogen combinations x two 
cultivars). The pathogen treatments were: inoculation with FV, inoculation with SCN, 
inoculation with both pathogens (FV+SCN), and no pathogen (control). There were five 
subplot treatments: inoculation with FV 4, 8, 12, 16 and 20 days after planting (DAP). 
Plants were first grown in soil infested or not infested with SCN. For treatments 
requiring SCN inoculation, each soil-filled cone received fifty SCN cysts suspended in 10 
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ml of water, resulting in approximately 4,600 SCN eggs per plant (based on counts of 92 
to 100 eggs per SCN cyst). For treatments without SCN, 10 ml of plain water was added 
to the cones. The effect of plant age at time of FV inoculation was tested by transplanting 
the seedlings into FV-infested or FV-free soil after 4, 8, 12, 16 or 20 days in SCN 
infested or non-infested soil. 
Two seeds of each cultivar (either AG2403 or MACO24757) were planted in each 
cone and thinned to a single plant per cone after emergence. Seeds were not pre-
germinated. Cones were placed in sand-filled plastic buckets and kept in water baths (Fig. 
1A) at 27° C with supplemental lighting (14 h day-1). To avoid cross-contamination, each 
bucket contained cones with a single pathogen × cultivar combination, and there were 
four replicate buckets for each pathogen × cultivar combination (Fig. 1B). Each bucket 
held 15 cones (Fig. 1C), three replicate cones (plants) for each of the five plant age levels. 
The experiment was repeated twice over time.  
Data collection. Foliar SDS severity was assessed by visually estimating percent 
leaf area showing SDS symptoms (chlorosis or necrosis). Foliar severity was assessed six 
times, starting at the onset of foliar SDS symptoms. The first three assessments were 
performed at 2-day intervals, and the later assessments were done at 3-day intervals. 
Foliar severity percentages from the six assessments were used to calculate area under the 
disease progress curve (AUDPC) (Campbell and Madden, 1990). Root rot severity (visual 
estimates of % root area showing reddish-brown to black discoloration) and fresh root 
weight were assessed 23 and 24 days, respectively, after FV inoculation. To determine 
the effects of SCN and FV infection on root structure, fresh roots were scanned using a 
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flatbed scanner (Epson Expression 10000XL, Epson American, Inc., Long Beach, CA), 
and the images were analyzed with WinRhizo software (Version 2012b, Regent 
Instruments, Canada, Inc.). Image analysis provided estimates of root length (cm), root 
surface area (cm2), root volume (cm3), average root diameter (mm) and number of root 
tips for each individual plant.  
Statistical analysis. As a preliminary step, a generalized linear model ANOVA 
(SAS Institute, Cary, NC, version 9.2) was used with Levene’s test to assess the levels of 
homogeneity of variances between the two experimental runs. Separate analyses of 
experimental runs showed that trends were similar, so data for the two runs were pooled 
and analyzed together. Experimental run was classified as a fixed effect. A generalized 
linear mixed model analysis (SAS PROC GLIMMIX) was performed for each of the 
following response variables: foliar AUDPC, root rot, root weight and number of root 
tips. The main plot treatments, pathogen and cultivar, were tested against whole-plot 
variation error (buckets), while the split-plot treatment of age was tested against the 
residual variability. Data from plants not inoculated with FV were not included in the 
ANOVA for foliar symptoms because foliar symptoms never developed on these plants.  
Results 
Foliar severity and root rot were affected by plant age at inoculation with FV. 
Both foliar severity and root rot were greater in plants inoculated earlier than in later 
growth stages (P < 0.0001). Co-inoculation did not cause a significant loss of root weight 
compared to FV-infected plants. Also, the number of root tips was not significantly 
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affected by SCN infection compared to control plants. Overall however, FV did decrease 
the number of root tips.  
Co-inoculation with both pathogens resulted in earlier and more severe foliar SDS 
symptoms than inoculation with FV alone (Fig. 2), regardless of cultivar used. Plants of 
cultivar AG2403 inoculated with both SCN and FV 4, 8 and 12 DAP had SDS symptoms 
on60 to 80% of the total leaf area present at the final disease assessment, whereas 
MACO24757 plants had less severe SDS symptoms, with foliar symptoms affecting 40 to 
65% of the total leaf area. Inoculation of plants at older ages (16 and 20 DAP) resulted in 
lower foliar severity than inoculation of younger plants. Soybean plants inoculated with 
FV alone developed foliar SDS symptoms when plants were inoculated at any tested 
plant age, but severity within this pathogen treatment was lower than in the co-inoculated 
plants (Fig. 2). Plants of cultivar AG2403 inoculated with FV alone at 4, 8 and 12 DAP 
had foliar symptoms on 35 to 50% of the total leaf area, whereas affected leaf area on 
plants of cultivar MACO24757 ranged between 0 and 5% (Fig. 2).  
At seven days after inoculation with FV, the initial incidence of SDS foliar 
symptoms on co-inoculated plants of cultivar AG2403 ranged from 35 to 90%, while in 
the absence of SCN, the incidence of SDS foliar symptoms ranged from 25 to 65%. 
Plants inoculated with only FV had an average incidence of 25 to 65% (cultivar AG2403) 
and 0 to 55% (cultivar MACO24757). On assessment day 8 and later, the incidence of 
foliar SDS symptoms increased and was above 90% for most pathogen and plant age 
groups. Due to similar trends in disease development in co-inoculated and plants 
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inoculated with FV only, and incidence that reached close to 100%, foliar disease severity 
data were presented using AUDPC values.  
Plants inoculated with both SCN and FV developed greater (P < 0.0001) foliar 
SDS severity than plants inoculated with FV alone (Table 1). Foliar disease severity, 
summarized as AUDPC and averaged over all cultivars and plant ages, was 
approximately 60% greater in SCN+FV-inoculated plants (AUDPC = 102) than on plants 
inoculated only with FV (AUDPC = 44). Co-inoculation resulted in greater foliar 
AUDPC than inoculations with FV alone; this trend was observed in all plant age groups, 
and in both cultivars (Fig. 3).  
Inoculation at younger plant ages resulted in greater foliar symptom severity 
(summarized as AUDPC) than inoculation at later plant ages (P < 0.0001) (Table 1, Fig. 
3). The effect of plant age at inoculation was observed in both cultivars. Foliar AUDPC 
values were greater on plants inoculated with FV at 4 and 8 DAP than on plants 
inoculated at older ages (P < 0.0001) (Fig. 3). Foliar AUDPC values for plants inoculated 
20 DAP were approximately 75% to 66% lower than AUDPC values for plants 
inoculated 4 and 8 DAP. 
The effect of plant age on foliar symptom expression was different for the two 
cultivars (P = 0.0025) (Table 1). When FV was the only pathogen present, cultivar 
AG2403 plants inoculated 8 DAP developed the highest foliar disease severity (Fig. 3). 
Plants inoculated with FV at 4 and 12 DAP developed lower foliar severity than that 
observed on plants inoculated at 8 DAP (Fig. 3) (P = 0.0873). On cultivar MACO24757, 
there were no significant differences in foliar SDS severity among plants inoculated with 
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FV 4, 8 or 12 DAP. Both cultivars developed lower foliar disease levels on plants 
inoculated with FV at 16 and 20 DAP (P < 0.0001).  
When both pathogens were present, AG2403 plants inoculated 4, 8 and 12 DAP 
had similar, high levels of foliar disease (AUDPC = 157 to 177) and significantly higher 
foliar disease severity (P < 0.0001) than plants inoculated 16 and 20 DAP (AUDPC = 90 
and 20, respectively) (Fig. 3). Seedlings of the SCN-resistant MACO24757 cultivar 
exposed both to SCN and FV developed the most severe SDS foliar symptoms when 
plants were inoculated with FV 4 and 8 DAP. Foliar symptoms decreased significantly as 
time of FV inoculation was delayed from 12 to 20 DAP (Fig. 3).  
Cultivar AG2403 developed more severe SDS symptoms than the MACO24757 
cultivar (P < 0.0001). Mean foliar SDS severity, averaged over both FV and SCN+FV 
pathogen treatments, was 56% greater in the AG2403 (mean AUDPC = 94) than in the 
MACO24757 (AUDPC = 53). Foliar severity decreased in response to increasing plant 
age 4 days earlier on MACO24757 cultivar plants than on AG2403 cultivar plants (Fig. 
3). 
Root rot severity was influenced by pathogen combination and plant age, but 
cultivar differences were not observed (Table 2). Therefore, combined data for the two 
cultivars are presented. Severe SDS root rot symptoms developed only on plants 
inoculated with FV or SCN+FV (Fig. 4A). Root rot severity on plants without FV 
(control plants, and plants inoculated with SCN only) was less than 6% (Fig. 4A). Root 
rot on non-inoculated controls or plants exposed only to SCN was not attributed to FV, 
since plants lacked typical foliar SDS symptoms.  
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Plants inoculated with SCN and FV developed greater (P < 0.0001) root rot than 
plants inoculated with FV only (Table 2, Fig. 4A). Mean root rot severity, averaged over 
all plant ages and cultivars, was 54% in FV+SCN plants, and 50% in FV-inoculated 
plants. This difference was significant (P < 0.0001), but due primarily to increased root 
rot severity in SCN+FV-infected plants inoculated 8 and 20 DAP (Fig. 4A). When plants 
were inoculated with FV at other ages, the presence or absence of SCN infection did not 
affect root rot severity (Fig. 4A). 
There was an overall decrease in root rot severity as plant age at time of FV 
inoculation increased (P < 0.0001) (Table 2, Fig. 4A). Root rot was most severe on plants 
inoculated 4 DAP, and the least severe root symptoms were seen on plants inoculated 16 
DAP (Fig. 4). However, no differences in root rot severity were observed in plants 
inoculated 16 and 20 DAP. The decrease in root rot severity with increasing plant age 
was observed in plants inoculated with FV and with both pathogens (Fig. 4A). 
Significant differences in mean root weights for pathogen, plant age, and soybean 
cultivar groups were observed, and an interaction of pathogen with age (Table 3). Since 
the interaction between cultivar and age was not significant for root weight, root weight 
data for the two cultivars were combined. Mean root weight, averaged over cultivar and 
age, showed a decrease (P < 0.0001) in plants inoculated with FV (FV and SCN+FV) 
compared to plants not inoculated with FV (SCN-only and control groups) (Table 3). 
Root weights of plants inoculated with SCN+FV were, on average, between 11 to 16% 
lower than root weights of plants inoculated with FV only (Fig. 4B). However, statistical 
differences in mean root weights for plants inoculated with SCN+FV and plants 
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inoculated with FV were not detected at any age (Fig. 4B). Even when data for cultivar 
and plant age groups were pooled, there was no evidence of an additive effect of co-
inoculation on root weight. Mean root weights for SCN+FV- and FV-inoculated plants 
were 0.87 g and 0.96 g, respectively. 
A significant decrease in root weight caused by SCN infection (P = 0.0038) were 
seen in plants inoculated 8, 12 and 20 DAP, but lower root weights were observed in 
other plants inoculated at the other ages (Fig. 4B). In all plant age groups, SCN infection 
of plant roots decreased root weight by 20% in comparison to plants in the control group 
(Fig. 4B). Averaged over cultivar, root weight increased by 18% every 4 days in 
treatments not inoculated with FV (SCN and control). In treatments inoculated with FV 
(FV and SCN+FV) root weight increased with plant age by an average of 25% for each 4-
days increase in seedling age at inoculation (P < 0.0001). Interestingly, plants in the 
SCN+FV and FV treatments showed 58% and 57%, respectively, greater root weight, 
between inoculation 8 and 12 DAP. The inoculation at ages 8 and 12 in plants in SCN or 
control treatments resulted in a root weight increase of only 18%. Regardless of pathogen 
and age treatment, the AG2403 cultivar had greater root weight (1.63 g) than the 
MACO24757 cultivar (1.19 g). 
The mean number of root tips per plant differed significantly among pathogen 
groups, plant age groups, and an interaction of pathogen with age was observed (Table 3). 
Root tip numbers were not affected by cultivar or the interaction between cultivar and 
age. Therefore, root tip data for both cultivars were combined. In all seedling age groups 
and in both cultivars, plants inoculated with FV (SCN+FV and FV) had fewer root tips (P 
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< 0.0001) than plants without FV infection (SCN only and control) (Table 3). Plants 
without FV had more than twice as many root tips (705 ± 19.3, averaged over all plant 
age groups) than plants infected by FV (333 ± 20.1) (Fig. 4C). The mean number of root 
tips on plants infected only with SCN was similar to the number observed on non-
inoculated control plants (P > 0.05) (Fig. 4C). Plants inoculated with SCN+FV had 
numerically 50 more root tips than plants inoculated only with FV, but this difference 
was not significant. A significant mean difference (112 ± 38.4) between SCN+FV and FV 
only was recorded when plants were inoculated 16 DAP (Fig. 4C). 
Plants inoculated 16 or 20 DAP had more root tips (652.4 ± 18.5) than plants 
inoculated at younger ages (431.4 ± 19.1) (P < 0.0001) (Table 3). The number of root tips 
per plant increased by 65 for each 4-day increase in seedling age at inoculation. The 
mean number of root tips on plants in the youngest plant age group, averaged over both 
cultivars and all pathogen groups, was 50% lower than the root tip count for plants 
inoculated 20 DAP (660 root tips per plant).  
Discussion 
This is the first study to describe how plant age at inoculation affects the SDS-
SCN interaction. Our results provide evidence that age-related resistance to SDS 
observed in soybean plants during vegetative stages (Gongora-Canul and Leandro, 
2011a) exists even when plants are simultaneously infected with SCN and FV. Although 
SDS foliar severity was greater in co-inoculated plants than in plants infected with FV 
alone, severity decreased with increased plant age at inoculation following a similar trend 
in plants inoculated with both pathogens and in plants inoculated with FV alone. These 
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findings, therefore, do not support the hypothesis that SCN infection changes the age-
related resistance of soybean to SDS. Instead, we found that SCN increases soybean 
susceptibility to SDS at all ages, suggesting that the mechanism of the SCN-FV 
interaction is not affected by plant age. 
Plant age at the time of fungal infection can affect disease severity in several 
pathosystems (Hart and Endo, 1981; Smith and Backman, 1989). Hart and Endo (1981), 
for example, showed that inoculation of younger celery plants resulted in premature death 
from infection by F. oxysporum f. sp. apii, while older plants survived, even though they 
were infected and damaged. Sometimes, the opposite can be observed. When soybeans 
were inoculated with Phialophora gregata, older plants developed greater brown stem rot 
symptoms than the younger plants (Phillips, 1972). With SDS, the timing of FV infection 
of soybean roots plays an important role in SDS foliar symptom development. In growth 
chamber studies (Gongora-Canul and Leandro, 2011a; 2011b), young soybean seedlings 
infected by FV developed severe foliar SDS symptoms, while occurrence of symptoms in 
older plants was seldom observed and not severe when observed.  
In our study, foliar SDS symptoms developed on FV-inoculated plants from all 
plant age treatments. Since cultivar AG2403 (susceptible to SCN and SDS) was used in 
both our studies and earlier SDS studies by Gongora-Canul and Leandro, (2011a; 2011b), 
the discrepancy was likely due to differences in inoculation method, or inoculum load as 
had been indicated before by Gray and Achenbach (1996). Expression of foliar SDS 
symptoms has been shown to be highly dependent on temperature (Scherm and Yang, 
1996; Gongora-Canul and Leandro, 2011a), with warmer temperatures being less 
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conducive to foliar symptoms. In our study, the incubation temperature was higher than 
the temperature used in earlier studies (Gongora-Canul and Leandro, 2011a; 2011b), 
therefore it is unlikely that temperature was responsible for the higher SDS severity seen 
in our study.  
Foliar SDS severity and root rot severity were generally higher in co-inoculated 
plants than in plants inoculated only with FV. Increased severity in co-inoculated plants 
was seen in both the AG2403 and MACO24757 cultivars, and in all plant ages tested. In 
addition, co-infected plants developed foliar symptoms two to four days earlier than 
plants infected only by FV. These findings corroborate previous reports that the SDS-
SCN interaction (Roy et al., 1989; Mclean and Lawrence, 1993; Xing and Westphal, 
2006) increases SDS foliar and root rot severity. One interesting finding was that both 
SCN and FV caused decreases in root weight when only one pathogen was present, but 
this effect was not additive; i.e., there was no further significant decrease in root weight 
in co-inoculated plants compared to plants inoculated with FV alone. A detrimental effect 
of FV on root tip proliferation was clearly demonstrated in this study, as plants infected 
with FV (FV and SCN+FV) had on average half the number of root tips that plants not 
infected with FV (control and SCN treatments).  
One of the previously reported effects of SCN infection is increased branching of 
soybean roots, which has been observed in SCN tolerant cultivars (Radcliffe et al., 1990; 
Miltner et al., 1991). In our study, root tip production on plants inoculated with SCN 
alone was not different from that observed on non-inoculated controls. This trend was 
observed on both cultivars, and contrasts with research by Miltner et al. (1991) showing 
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an increase in root tip production on an SCN-tolerant cultivar. This discrepancy may be 
due to differences in cultivars, sources of resistance to SCN, or different SCN HG types 
tested in the two studies.  
However, the number of root tips was significantly lower on plants inoculated 16 
DAP with FV alone, than on co-inoculated plants and this was similar to our previous 
study. A similar numerical trend of more root tips on co-inoculated plants than on plants 
inoculated with FV alone was observed in all other plant ages, except 20 DAP. Co-
inoculated plants had, on average, 50 more tips per root than plants inoculated with FV 
alone. Interestingly, the greatest difference in foliar SDS severity between co-inoculated 
plants and plants inoculated with FV only was observed when inoculated occurred 16 
DAP, when the difference in root tips was significant.  
These observations may provide some insight on a possible mechanism for the 
SCN-FV interaction. Even though an increase in root tips in co-inoculated plants was not 
statistically supported in all plant age groups, we speculate that simultaneous infection by 
SCN and FV could cause a slight increase in root branching, which in turn could increase 
the number of FV entry points, promote colonization of soybean root vascular tissue, and 
lead to more severe SDS symptoms.  
 Some soil-borne pathogens are thought to utilize lateral roots to enter and 
colonize root tissue. This process bypasses the cortical cells and endodermis, which have 
defense barriers, such as suberized walls, that restrict entrance into the vascular tissue 
(Graça and Santos, 2007; Ranathunge et al., 2008). For example, a study on F. 
verticillioides showed that the preferred mode of entry into maize plants was via lateral 
 83
roots (Oren et al., 2003). With SDS, Navi and Yang (2008) found that 30% of FV conidia 
geminated at or close to soybean root caps, while Ortiz-Ribbing and Eastburn (2004) 
found a better correlation between foliar and root SDS symptoms when FV infected 
soybeans via the lateral roots compared to the tap root.  
For SDS foliar symptom development to occur, FV must be present in the root 
vascular tissue (Navi and Yang, 2008) since the pathogen toxins are translocated from 
roots to leaves via transpiration (Roy et al., 1989; Hartman et al., 1997; Hartman et al., 
2004). In complementary microscopy studies, we have observed that root tips are infected 
at a very high frequency (~ 90%) by FV, and serve as an entry point into the root vascular 
tissue (unpublished data). An increase in root tips would therefore increase the 
probability of FV to colonize the vascular tissue and thereby increase SDS severity.  
Soybean breeding programs have resulted in production of many new cultivars. 
However, cultivars highly resistant to SDS are still not widely available to growers in the 
USA. Some soybean cultivars with resistance to SCN have been shown also to be less 
susceptible to SDS (Roy et al., 1997, Hershman et al., 1990). The co-occurrence of SCN- 
and SDS-resistant phenotypes may be explained by close linkage of resistance genes for 
SCN and SDS within the soybean genome (Prabhu et al., 1999). Foliar SDS severity on 
AG2403 plants was over 50% greater than foliar severity in MACO24757 plants. 
Interestingly, plant-age-related resistance to foliar SDS was more apparent in the SCN-
resistant cultivar MACO24757 sooner than in the SCN-susceptible cultivar AG2403.  
One of the limitations of our study was that only two cultivars were used, and that 
plants were grown under a single temperature. Additional investigations to determine 
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how SDS is affected by temperature and SCN infection, on cultivars with different 
sources of SCN resistance, would expand our findings, and contribute information useful 
to SDS breeding programs. Furthermore, this study and the earlier studies by Gongora-
Canul and Leandro (Gongora-Canul and Leandro, 2011a; 2011b) investigated the effect 
of plant age on SDS symptom expression in plants inoculated at vegetative growth stages. 
These studies may not represent the effects of plant age or the SCN-SDS interaction on 
plants in reproductive stages. 
The inconclusive results of our study on the mechanisms of the SCN-FV 
interaction highlight the need for further research regarding the effect of co-infection by 
FV and SCN on soybean root morphology, the potential increase in lateral root 
development in response to infection, and the use of emerging lateral root tips as 
infection entry points in the SCN-FV interaction. In future work, it would be interesting 
to examine the colonization pattern of FV in soybean roots of different ages, in the 
presence and absence of SCN. Microscopic observations of the SCN-FV interaction in 
roots could provide further insights about the causes for greater foliar and root rot SDS 
severity in co-inoculated plants. Information on the mechanisms of the SCN-FV 
interaction could support breeding efforts to develop soybean varieties with better 
resistance to both pathogens. 
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Table 1. Sixteen soybean lines screened for resistance/susceptibility to Fusarium virguliforme and soybean cyst 
nematode (Heterodera glycines).  
Soybean Cultivar 
Resistance to SCN 
(run 1) 
Resistance to SCN 
(run 2) FV Leaf severity FV Root Rot 
MN 1606   S* S 7.50 66.20 
MN 1805 S S 0.00 72.02 
MYC 5171 S    MS** 28.34 73.30 
K 233 S MS 5.50 82.60 
H 2494 MS S 36.03 63.42 
299 N R      MR*** 54.75 75.00 
CM396 S S 53.44 83.13 
MACO2 4757 MR MR 31.67 80.44 
RIPLEY S S 8.18 83.48 
SPENCER S S 26.96 73.75 
AR10 SDS MR MR 44.36 83.20 
AG 2403 S S 26.60 68.80 
 WILLIAMS 82 S S 69.22 91.00 
JACK         R**** R 5.00 82.45 
HARTWIG R R 15.00 84.67 
FORREST R R 20.81 80.33 
 
*Soybean line susceptible to soybean cyst nematode 
** Soybean line moderately susceptible to soybean cyst nematode 
***Soybean line moderately resistant to soybean cyst nematode 
****Soybean line resistant to soybean cyst nematode  
 Soybean line used as a susceptible check in soybean cyst nematode screening 
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Table 2. Analysis of variance of the effects of pathogen treatment (Fusarium virguliforme, Heterodera glycines, both 
pathogens, or neither pathogen), plant age at time of inoculation, and cultivar (cultivars AG2403 and MACO24757) on foliar 
AUDPC, based on percent leaf area with SDS symptoms assessed on six dates, on soybean plants grown in the greenhouse.  
 
Effect DF F Value Pr > F 
Pathogen 1 113.3 <0.0001 
Age 4 55.68 <0.0001 
Pathogen*Age 4 7.36 <0.0001 
Cultivar 1 55.51 <0.0001 
Pathogen*Cultivar 1 2.91 0.1139 
Cultivar*Age 4 4.17 0.0025 
Pathogen*Cultivar*Age 4 2.04 0.0873 
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Table 3. Analysis of variance of the effects of pathogen treatment (Fusarium virguliforme, Heterodera glycines, both 
pathogens, or neither pathogen), plant age at time of inoculation, and cultivar (cultivars AG2403 and MACO24757) on root 
rot, root weight and number of root tips on soybean plants grown in the greenhouse. Root rot severity, based on percent root 
area with SDS symptoms, was assessed 23 days after soybean seedlings were transplanted into F. virguliforme-free or F. 
virguliforme-infested soil. 
 
3 Root rot  Root weight Number of root tips 
Effect DF F Value Pr > F F Value Pr > F F Value Pr > F 
Pathogen 3 792.9 <0.0001 83.84 <0.0001 117.35 <0.0001 
Age 4 60.13 <0.0001 124.04 <0.0001 59.67 <0.0001 
Pathogen*Age 12 23.95 <0.0001 2.46 0.0038 1.81 0.0443 
Cultivar 1 0.13 0.7166 45.24 <0.0001 0.21 0.652 
Pathogen*Cultivar 3 2.14 0.121 1.55 0.2264 1.53 0.2325 
Cultivar*Age 4 0.38 0.8257 0.38 0.8237 1.59 0.1749 
Pathogen*Cultivar*Age 12 0.84 0.609 1.04 0.406 1.17 0.2991 
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Figure 1. Photographs of the greenhouse setup, showing: buckets arranged in a waterbath 
(A), buckets (whole-plot experimental units) randomly arranged in water baths (B), and 
cones (sub-plot experimental units) randomly arranged in buckets (C). 
    
A 
B C 
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Figure 2. Percent leaf area with chlorosis or necrosis caused by soybean sudden death 
syndrome on soybean plants grown initially in SCN-infested, or SCN-free soil and then 
transplanted into Fusarium virguliforme-infested or non-infested soil at 4, 8, 12, 16, or 20 
days after sowing. Visual assessments of percent symptomatic leaf area were made seven 
to 20 days after inoculation with Fusarium virguliforme.  
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Figure 3. Area under the disease progress curve (AUDPC) summarizing soybean sudden 
death syndrome foliar severity (percent leaf area with symptoms) on plants grown in soil 
infested, or non-infested, with Heterodera glycines (SCN) for 4 to 20 days, then 
transplanted into soil infested, or non-infested, with Fusarium virguliforme: (A) SCN-
susceptible cultivar AG2403, and (B) SCN-resistant cultivar MACO24757. No symptoms 
developed in treatments without F. virguliforme inoculation (data not shown). Error bars  
Represent standard deviation (n = 12 plants/cultivar/age). 
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Figure 4. Root rot severity (A), root weight (B) and number of root tips (C) on soybean 
plants grown in soil infested, or non-infested, with Heterodera glycines (SCN) for 4 to 20 
days, then transplanted into soil infested, or non-infested, with F. virguliforme. 
Assessments were made 23 and 24 days after inoculation with F. virguliforme. Error bars 
represent standard deviation  (n = 12 plants/cultivar/age). 
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CHAPTER 4 
GENERAL CONCLUSIONS 
 
The objectives of this dissertation were to determine how SCN infection affects 
the FV infection process in soybean roots and consequently SDS severity. Additionally, 
the studies had the objective to characterize how available soil moisture affects the SCN-
FV interaction and to determine the effect of co-infection by SCN and FV in previously 
reported (Gongora-Canul and Leandro, 2011a) resistance of older soybean plants to SDS. 
The results presented in this dissertation provide novel information on the mechanism of 
the SCN-FV interaction. 
Previously it has been hypothesized that SCN-created wounds could be utilized by 
fungi to enter and colonize soybean roots during the interaction between a fungus and 
SCN (Tabor et al., 2003; Tabor et al., 2006). The studies also investigated if SCN-created 
wounds could be used as entry points for FV. In the experiments described in this 
dissertation, this hypothesis proved to be only partially true. Evidence was found of an 
association between SCN syncytia and FV mycelia ranging from 29% in reduced 
watering treatments to 52% in normal watering. Even though it was observed that FV 
mycelia could grow through SCN-created wounds in roots (McLean and Lawrence, 
1995), the evidence obtained in my research does not support that observation.  
A closer examination of soybean lateral roots revealed another possibility. In 
approximately 98% of the lateral roots examined, evidence was found of FV colonization 
when plants were inoculated with only FV, whereas about 87% of lateral roots were 
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colonized by FV in co-inoculated plants. Previous research (Oren et al., 2003) on F. 
verticillioides suggested lateral roots are a primary way for fungal penetration of the plant 
root system by F. verticillioides. My results confirm previous hypothesis for the first time 
in FV root penetration.  
Plant age at the time of infection can play an important role in development of 
diseases caused by fungi as suggested by Sennoi et al., (2013). In my research, artificial 
inoculation with FV was able to occur in soybeans of different ages, but the youngest 
plants developed the most severe foliar symptoms as it was previously suggested (Navi 
and Yang, 2008). It is important to note however, that the mechanism that regulates this 
age-related resistance of older soybean plants to fungal infection by FV remains 
unknown. The present study did not show that SCN infection of soybean roots alters the 
age-related resistance of plans to SDS, as lower SDS severity was observed in older 
plants whether they were co-inoculated or inoculated with FV only. However, the present 
study shows that older plants, grown for 16 or 20 days in SCN infested soil and then 
inoculated with FV, expressed significantly greater foliar SDS severity compared with 
plants inoculated with FV only. Although microscopic observations of the SCN-FV 
interaction in the roots of older plants was not done in this study, the root morphology 
data suggests that older co-infected plants, specifically plants inoculated with FV on days 
16 or 20 after SCN inoculation, developed more root tips and lateral roots than plants 
inoculated with only FV.  
The location of SCN syncytia can vary in response to environmental conditions, 
and soil moisture in particular. As reported by Johnson et al. (1993) wet or moderately 
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wet soils caused SCN syncytia formation exclusively in the root cortex, while syncytia 
formed inside the stele (vascular tissue) when plants were exposed to dry soil conditions. 
The present study corroborates previous research by Johnston et al. (1993) in terms of the 
effect of available moisture in the soil on location of SCN syncytia, and expands it to 
explain the effect of co-infection by FV and SCN on the location of SCN syncytia. The 
present study further found a greater number of SCN females in reduced than in normal 
watering, and the location of SCN syncytia was predominantly in the stele when plants 
were grown under reduced watering regime compared to plants grown in the normal 
watering regime. Also, when FV was simultaneously infecting roots with SCN, the 
syncytia were distributed evenly between the cortex and stele (51% and 49%, 
respectively), whereas the majority (90%) of syncytia were formed in stele when plants 
were inoculated with SCN only.  
The location of FV mycelia also showed a pattern in response to the available soil 
moisture. Under reduced watering regime, FV mycelia were found more often growing 
inside of the stele than in the cortex. When plants were grown in reduced watering regime 
the root area of stele colonized by FV mycelia was on average 29%, whereas plants 
grown in normal watering regime, the area of the stele colonized by FV mycelia was, on 
average, 12%. This may be explained by the fungal requirements for water and nutrients 
that could be more readily available in the stele when plants were grown under water 
stress. The lack of foliar symptoms related to less available soil water could be explained 
by the lower transpiration rates in times of limited water availability, therefore disabling 
the movement of fungal toxins (Rupe, 1989; Jin et al., 1996a; Jin et al., 1996b; Brar et al., 
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2011) from roots to leaves. This may, in part, explain anecdotal reports of a sudden 
development of foliar SDS symptoms after a single rain event in years where dry weather 
had not been conducive to SDS expression in the field.  
The research findings presented in this dissertation will be useful to researchers 
working with FV to better understand the mechanism behind the interaction SCN-FV 
interaction and will also help further our knowledge in understanding the importance of 
lateral roots in FV infection and how it may be related to SDS severity. The studies on 
the effects of available moisture confirm previous research and add a new dimension to 
the growing amount of information about this important detrimental interaction.  
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